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Objective. To fabricate and characterise a novel biomimetic interpenetrating phase 
ceramic/polymer composite material consisting of aligned honeycomb-like porous ceramic 
preforms infiltrated with polymer for potential orthodontic bracket material applications.  
Method. Unidirectional freeze-casting with a temperature gradient was used to fabricate 
and control the microstructure and porosity of alumina ceramic preforms, which were 
subsequently infiltrated with 40 to 80% by volume UDMA-TEGDMA and PC polymers. The 
composite materials had a gradient structure with a more dense bottom part (ceramic-rich) 
while the top part was more porous (ceramic-poor). These composite materials were then 
subjected to characterisation, namely ceramic volume fraction, density, compression, three-
point bend, fracture toughness, hardness, surface roughness, abrasivity testing and surface 
loss. Samples were also subjected to scanning electron microscopy and micro computerised 
tomography (MicroCT). 
Results. Three-dimensional aligned honeycomb-like ceramic structures were produced and 
full interpenetration of the polymer phase was observed using MicroCT. Depending on the 
volume fraction of the ceramic preform, the ceramic volume fraction of the final 
interpenetrating composites ranged from 18.83 to 61.17%, density ranged from 1.73 to 3.36 
g/cm3, compressive strength ranged from 26.31 to 253.97 MPa, flexural strength from 28.28 
to 145.65 MPa, fracture toughness from 3.91 to 4.86 MPa.m½, hardness ranged from 1.46 to 
1.62 GPa, surface roughness following toothbrushing from 0.99 to 1.43 µm and surface loss 
from 0.56 to 1.40 µm.  
Significance. Freeze-casting provides a novel method to engineer composite materials with 
a unique aligned honeycomb-like interpenetrating structure, consisting of two continuous 
phases, inorganic and organic. There was a correlation between the ceramic fraction and 
the subsequent, density, strength, fracture toughness, hardness and abrasivity of the 
composite materials. These composite structures could be potentially used as a composite 
bracket material to compete with the current aesthetic orthodontic brackets. 
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Chapter 1. Introduction 
Within both restorative dentistry and orthodontics there is a need for biomimetic 
materials that more closely mimic the properties of natural tooth tissue. In restorative 
dentistry such a material could be used to restore tooth tissue lost through trauma or 
caries. A hybrid dental ceramic composite (i.e. VITA Enamic) is commercially available 
(He and Swain, 2011; Coldea et al., 2013) for use with CAD/ CAM technology to mill 
dental restorations. In orthodontics such a material with a more aesthetic appearance 
and matched mechanical properties to natural tooth might also have advantages when 
compared to currently available aesthetic bracket materials, such as ceramics or 
polymers. 
Orthodontic brackets are used to transmit loads from the archwire to the tooth (Rahiotis 
and Schricker, 2017), and are most commonly metallic and bonded to the labial surfaces 
of the teeth, which makes them highly visible. In the United States, from 1981 to 2013, 
the number of adults seeking orthodontic treatment grew from 15% to 23% (Christensen 
and Luther, 2015) and as a result there have been increasing demands for more 
aesthetic, non-metallic bracket materials. Currently available aesthetic orthodontic 
brackets are either made from a polymer e.g. polycarbonate or polyurethane, or a 
ceramic, usually alumina, and the latter are either mono or polycrystalline in structure 
(Feldner et al., 1994; Kusy, 2002).  
Polymeric brackets, although aesthetically good at the start of treatment, are not 
popular due to poor dimensional stability under applied load (creep), staining and low 
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wear resistance (Feldner et al., 1994; Zinelis et al., 2005). Although ceramic brackets do 
not suffer from the same disadvantages, they are brittle with a tendency to fracture in-
service, have a high surface hardness which can lead to abrasion of opposing teeth, and 
there is an increased risk of enamel fracture during bracket removal (Buzzitta et al., 
1982; Douglass, 1989).  
An ideal aesthetic orthodontic bracket would combine all of the advantages and none of 
the disadvantages of currently available polymeric and ceramic brackets. These would 
include improved wear resistance, whilst minimising damage to opposing teeth, good 
stain resistance, good dimensional stability with minimal creep, and ease of removal 
from the tooth surface at completion of treatment. Although brackets comprising two 
material phases have been produced in the past, they are essentially a ceramic bracket 
with a thin polymer bonding base. Such a bracket still possesses many of the unwanted 
properties of ceramic brackets, namely brittleness and wear of opposing teeth. In 
addition, the polymeric base can delaminate during clinical service, leading to loss of 
tooth control and the need to bond a new replacement bracket (Olsen et al., 1997; 
Elekdag-Turk et al., 2009). Consequently, the development of a composite material that 
exhibits the advantages of both polymeric and ceramic brackets in a single 
interconnected network is desirable.  
Certain naturally occurring biomaterials, including enamel and dentine, exhibit an 
interconnected dual phase structure leading to remarkable mechanical properties, 
which enable them to meet the biological functional needs of the organism (Munch et 
al., 2008). Dental enamel is the hardest, most mineralised structure in the human body. 
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It is composed of 96% to 97% hydroxyapatite, 1% collagen and 2% to 3% water. 
Throughout a lifetime, enamel can endure the forces of mastication over millions of 
cycles (He et al., 2013). By contrast, the underlying dentine is a porous, less well 
mineralised, but tougher material composed of 70% hydroxyapatite, 20% collagen and 
10% water by weight (Zaslansky et al., 2010). When joined together these two materials 
provide a biomechanically, long lasting, compatible system.  
The aim of the present study is to produce a novel biomimetic ceramic/polymer 
composite for use as a possible orthodontic bracket material. The novelty of such a 
material would be defined by its unique microstructure, characterised by two 
continuous interconnected inorganic and organic phases as shown in Figure 1-1. The 
polymer rich surface attached to the tooth surface will aid bonding and debonding, and 
the ceramic rich surface, directly exposed to the oral environment, will provide the 
mechanical stability and durability in clinical use. In this way the final composite material 
will ideally combine the desirable properties of both ceramics and polymers, creating a 




Figure 1-1. Schematic of the structure of the central incisor with the anisotropic feature 
of the biomimetic composite orthodontic bracket.  
Freeze-casting is a well-established technique that can be used to fabricate porous 
scaffolds with complex microstructures. The process utilises the directional solidification 
of a ceramic suspension in a double-sided cooling/freezing device. The suspension is 
placed in a mould between two cooled surfaces, one of which is colder than the other 
and from this surface ice crystals begin to form in a unidirectional fashion. As the 
suspension continues to freeze the ice crystals grow from the coldest to the least cold 
surface. In doing so they compress the ceramic particles within the suspension to form 
an interconnected scaffold, which is then freeze-dried and sintered. The technique is 
relatively simple, cost efficient, environmentally friendly and offers the ability to 
produce a porous material with a controlled-size and interconnection of the pores. A 
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large number of processing parameters are used to tailor the final architecture of the 
porous scaffold, by controlling the crystal growth of ice (Zhang et al., 2009; Deville, 
2010).  
The principal aim of the current study is to produce a biomimetic ceramic/polymer-
infiltrated composite material using the freeze-casting technique, followed by its 
infiltration with UDMA-TEGDMA and polycarbonate (PC) polymers. The effect of the 
initial ceramic solid loading used during the freeze-casting phase on the microstructure, 
physical, mechanical and surface properties of the final ceramic polymer composite 







Chapter 2. Literature review 
2.1 Adult Orthodontics 
Dental aesthetics is a key factor in overall physical attractiveness, it contributes to self-
esteem and this is one of the main reasons patients undergo orthodontic treatment 
(Kerosuo et al., 1995; Gazit-Rappaport et al., 2010). The number of adults seeking 
orthodontic treatment has been increasing in recent years and in 2009 the number who 
underwent orthodontic treatment in the UK reached more than 51,000. This number 
continues to rise (Christensen and Luther, 2015) and this trend is also being seen 
worldwide (Pabari et al., 2011; Johal et al., 2014; Christensen and Luther, 2015; Tang et 
al., 2015; Kim, 2017). A large number of adults also refuse to undergo orthodontic 
treatment on the basis of the negative appearance associated with conventional metallic 
fixed orthodontic appliances. However, they are often willing to pay more for appliances 
they consider aesthetic (Rosvall et al., 2009). 
The evolution and availability of aesthetic appliances, including the introduction of 
aligners and lingual appliances, may explain some of this increase in demand (Pabari et 
al., 2011). Labial fixed appliances also now use smaller brackets and many are also tooth 
coloured (Cunningham et al., 2000; Scott et al., 2007). A cross-sectional survey of 
orthodontic specialists in the UK by Cedro et al. (2010) showed that the increasing 
options and number of aesthetic appliances had a positive impact on the number of 
adults seeking orthodontic treatment, and that many were willing to pay for it. Other 
possible reasons include improved accessibility to orthodontic services, as well as 
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improved awareness and a more progressive, positive attitude toward the treatment 
possibilities for adult patients (Scott et al., 2007; Pabari et al., 2011; Christensen and 
Luther, 2015). A survey by the British Orthodontic Society in June 2016 revealed the 
rising number of adults seeking orthodontic treatment in the UK. The survey illustrated 
that the key drivers for treatment appear to be the awareness of the possibility of adult 
orthodontics alongside rising expectations on how treatment can positively impact on 
appearance and well-being (Mianger, 2016). The number of orthodontists providing 
adult orthodontic treatment is also on the increase. A survey conducted in March 2018 
among UK orthodontists revealed an increase in private adult treatment from 75% in 
2016 to 80% in 2018 (Scully, 2018).  
For the orthodontist, an advantage of treating adults is that they are more self-
motivated towards the treatment when compared to children, as their principal 
motivation is the desire to improve dental appearance (Pabari et al., 2011). However, 
the disadvantage is being able to meet their often higher treatment expectations. 
Previous studies have shown that satisfaction with facial and body image decreases with 
increasing age, which might explain the higher expectations, not only of the in treatment 
appliance appearance, but also the final treatment outcome (Bos et al., 2003; Al-Omiri 
and Abu Alhaija, 2006). Furthermore, media can have a significant influence, especially 
with the increased demand to look good (Nattrass and Sandy, 1995). This can also 
explain the rise in the number of patients who are seeking re-treatment following 
previous orthodontic treatment. 
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2.2 Perception of orthodontic appliances 
Although fixed orthodontic appliances have been modified in recent years to improve in 
treatment aesthetics e.g. bonded rather than banded appliances and reduced mesio-
distal bracket dimensions, the appearance of these appliances still directly affects the 
perception of facial attractiveness. Studies have found that there is a general acceptance 
that invisible and tooth-coloured orthodontic appliances are preferable in terms of 
appearance to more traditional metal appliances (Newton et al., 2003; Jeremiah et al., 
2010). According to Cedro et al. (2010) the most common complicating factor in 
orthodontic treatment is the appearance of orthodontic appliances, affecting more than 
59% of private and 32% of NHS patients.   
Furthermore, in a survey of 27-year-olds in Sweden, 33% of patients would not wear 
visible braces. Interestingly, 84% said they would have worn visible appliances as an 
adolescent (Bergström et al., 1998), which supports the suggestions that adult patients 
are less likely to consider non-aesthetic appliances than adolescents. This is further 
supported by another study where 97% of adult Chinese female patients stated that 
they were seeking orthodontic treatment to improve their aesthetics, but 67% would 
not consider orthodontics due to the visibility of the appliance (Tang et al., 2015). 
Furthermore Walton et al. (2010) reported that older patients tended to rate clear 
orthodontic appliances higher than did younger subjects. The acceptability of different 
orthodontic appliances by adults was also investigated by Rosvall et al. (2009) using a 
computer-based survey. The authors found that lingual appliances and clear aligners 
were the most acceptable, followed by labial ceramic and finally labial metal appliances. 
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Indeed, 90% of those included in the survey stated that they found labial ceramic 
appliances acceptable. 
2.3 Currently available aesthetic appliances 
 Invisalign™/clear aligners 
The use of clear aligners and most notably Invisalign™ started to become widespread in 
the early 2000s with the introduction of a sequential series of computer generated clear 
removable aligners by Align Technology Inc. The aligners are produced on a series of 
casts, with teeth reset in small increments as the patient progress from one aligner to 
the next in the series (Kuo and Miller, 2003; Weir, 2017).  
 By 2007, 300,000 cases had been treated using this technique in the USA alone (Kuncio 
et al., 2007). Although initially released for use by specialists in orthodontics, they are 
now being marketed for use by general practitioners, which is not without risk. 
Indications for the use of Invisalign™ include cases with mild to moderate 
crowding/spacing, mild open and deep bites, treatment of relapse following orthodontic 
treatment and in cases where there is no skeletal constriction of the arches (Clements et 
al., 2003; Boyd et al., 2006; Boyd, 2008; Rossini et al., 2014; Li et al., 2015). 
Contraindications include complex malocclusions, cases where there is a large antero-
posterior discrepancy, anterior extrusion, rotation and severe deep bite cases (Clements 
et al., 2003; Djeu et al., 2005; Rossini et al., 2014).  
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The advantages of clear aligners are their aesthetic appearance, the ability to remove 
them for cleaning and being comfortable to wear (Djeu et al., 2005). However, the 
principal disadvantage is that treatment results rely on patient compliance. If they fail to 
wear them as instructed, treatment will not progress and if they do not remove them as 
instructed for cleaning, they may compromise both enamel and gingival health. Patients 
must also be monitored carefully to verify that tooth movement is tracking with the 
series of aligners. Some specific tooth movements with clear aligners still require the use 
and placement of composite tags and the wear of elastics and auxiliaries. Although tooth 
coloured they can still be visible and therefore these appliances are not completely 
invisible (Djeu et al., 2005). 
Nevertheless, despite thousands of completed cases and published case reports, 
orthodontists still generally feel that clear aligners produce inferior results when 
compared to fixed orthodontic appliances (Djeu et al., 2005; Maganzini, 2006). 
Interestingly a recent survey in the USA that investigated differences in case selection 
and treatment management between orthodontists and general practitioners showed 
that orthodontists were more likely to identify the better treatment outcomes that can 
be achieved for their patients with fixed appliances when compared to Invisalign™ (Best 
et al., 2016).  
Other retrospective studies comparing the outcomes of Invisalign™ treatment versus 
fixed appliances treatment in adult patients have confirmed that treatment with fixed 
appliances is significantly more effective. Invisalign™ treatment was often quicker, but at 
the expense of the final occlusal result (Djeu et al., 2005; Maganzini, 2006; Gu et al., 
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2017). Clinicians are therefore often advised to ask for patients’ consent to wear fixed 
appliances for a short period following Invisalign™ treatment (Giancotti et al., 2006). 
Indeed, Kravitz et al. (2009) reported that 70% to 80% of clinicians considered the need 
for refinement with fixed appliances to finish such cases. More recently Gu et al., (2017) 
reported a lower refinement rate, although still 37.5%, and attributed this reduction to 
improvements in the aligner material and increased clinician experience. 
 Lingual orthodontics 
Lingual orthodontic appliances are placed on the lingual and palatal surfaces of the teeth 
using the indirect bonding technique. They were introduced in the early 1970s, and 
initially they were merely labial brackets bonded to the lingual surfaces of the teeth 
(Fujita, 1979). In recent years a number of new systems have been introduced, either off 
the shelf systems, for example the 2D lingual bracket system (Forestadent, Pforzheim, 
Germany), or custom-made such as Incognito (3M, USA), as can be seen in Figure 2-1, 




Figure 2-1. Lingual orthodontic appliance (Melsen, 2012).   
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These fully customised lingual orthodontic systems are marketed as achieving accurate 
results with enhanced patient comfort (Wiechmann et al., 2003; Grauer and Proffit, 
2011; Knösel et al., 2014). Although lingual appliances are much more popular in Europe 
and Asia than in the United States, in the UK only 0.3% of specialist orthodontists use 
lingual appliances (Banks et al., 2010). However, this number is growing and now about 
10% of specialist orthodontists offer lingual orthodontic treatment (British Orthodontic 
Society, 2018). 
Advantages of lingual appliances include: aesthetics, no labial gingival hypertrophy, 
reduced risk of caries, no damage to the labial surfaces of the teeth and better 
visualisation of the bucco-lingual position of the teeth (Fujita, 1979; Creekmore, 1989; 
Van der Veen et al., 2010; Pauls et al., 2017).  
However, lingual appliances are not without their problems. These include: different 
mechanics and therefore treatment planning, a shorter arch perimeter leading to a 
smaller inter-bracket distance and consequently smaller cross sectional dimension 
archwires must be used (Moran, 1987; Park et al., 2015). Also, placement of the 
appliance requires change in the clinician position and as such posture is different 
(Creekmore, 1989). Difficulties in the placement of brackets have as well been 
encountered due to the irregular and inconsistent lingual surface which can result in 
longer chairside time (Wiechmann et al., 2003).  
Furthermore, the bracket loss rate is substantially higher than in labial cases, indirect 
rebonding is complex and imprecise, the finishing process is time-consuming (Rummel et 
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al., 1999; Stamm et al., 2000) and patients often have difficulty adapting to the 
appliance, especially when undergoing lingual treatment in both arches. Other 
difficulties include maintaining a good standard of oral hygiene, greater pain experience 
and problems eating and speaking (Miyawaki et al., 1999; Kluemper et al., 2002; Hohoff 
et al., 2003; Hohoff et al., 2004; Shalish et al., 2011).  
Recent systematic reviews have also shown that clinical trials investigating lingual 
appliance treatment showed a high risk of bias, with poor study designs, heterogeneity 
and small sample sizes (Mistakidis et al., 2015; Papageorgiou et al., 2016).  
Despite these disadvantages, it is likely that lingual appliances will continue to develop in 
order to overcome the current shortcomings, thereby improving their acceptability to 
both orthodontists and patients alike.  
 Aesthetic labial appliances 
There are many types of aesthetic orthodontic labial appliances and whatever the 
material used in their construction, ideal orthodontic brackets should have a number of 
desirable properties (Table 2-1). These properties will influence and affect the clinician’s 
choice and perhaps ultimately the patient’s choice as to what bracket to use. Britton et 
al. (1990) has described how orthodontists choose brackets based upon a combination 
of smooth edges, aesthetics and the design of the bracket base.  
Although there is an ideal list of properties for orthodontic brackets, to date no single 
bracket or material possesses all of these properties. With these ideal bracket 
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Table 2-1. Properties of ideal and available aesthetic orthodontic brackets.  
 Polymeric orthodontic brackets 
The first commercially available aesthetic brackets were polymeric brackets introduced 
as the aesthetic alternative to metal brackets during the early 1970s. These early 
polymeric brackets were made from unfilled polycarbonate but were soon known for 
their many disadvantages. Although they were relatively transparent and capable of 
resembling the shade of the underlying tooth, they had a tendency to stain easily (Figure 
2-2) and also become odorous as a result of exposure to different foods and coloured 
mouth rinses.  
 Bracket type 
Ideal property Ceramic Polymer 
Good biocompatibility and poor bio host ₊ ₊ 
High fracture toughness ₋ ₊ 
High strength ₊ ₋ 
Good aesthetics and stain resistance ₊ ₋ 
Low friction ₋ ₋ 
Low risk of iatrogenic wear of enamel ₋ ₊ 
Good bonding ability ₋ ₊ 
Ease of debonding  ₋ ₊ 
Good abrasion resistance ₊ ₋ 




Figure 2-2. Polycarbonate brackets staining and loss of aesthetic properties rendering 
them anaesthetic and uncomfortable to the patient (Brantley and Eliades, 2001). 
Of equal concern was their tendency to deform or creep under constant load. As a 
result, torqueing forces generated by rectangular wires are not effectively transmitted 
to the teeth (Dobrin et al., 1975; Swartz, 1988; Birnie, 1990; Faltermeier et al., 2007a; 
Nishio et al., 2009; Möller et al., 2009). The distortion of the arch wire slot also leads to 
increased frictional resistance (Thorstenson and Kusy, 2003). According to Feldner et al. 
(1994), approximately 12% to 15% of torqueing force is lost due to creep in the case of 
the polycarbonate brackets. Therefore, additional torque applied to the archwire was 
suggested in order to obtain the expected torque when using polycarbonate brackets.  
Other potential problems with polymeric brackets include a relatively poor abrasion 
resistance, poor frictional characteristics and plasticisation due to water absorption 
(Tselepis et al., 1994; Arici and Regan, 1997; Thorstenson and Kusy, 2003; Cacciafesta et 
al., 2003; Ali et al., 2011). This means that they are susceptible to wear not only from 
toothbrushing, but also from contact with opposing teeth.  
Therefore it is not unusual for the tie wings to wear away during the course of 
treatment, resulting in difficulties in retaining the archwire in the bracket slot (Aird and 
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Durning, 1987; Winchester, 1992a; Faltermeier et al., 2007a; Wriedt et al., 2007; Ali et 
al., 2011).  
As a result, treatment time is likely to be extended, and the mechanics of tooth 
movement compromised. It is partly for these reasons the use of polymeric brackets, in 
particular by American orthodontists, was reported to have decreased over the period 
1986 to 2014, from 58% to only 4% (Keim et al., 2014). Moreover, this decrease can be 
attributed to the steady improvement in ceramic brackets including good aesthetics, 
enhanced mechanical properties and advances in the bonding systems.  
To date polymeric brackets have been manufactured using either polycarbonate, 
polyurethane or polyoxymethylene and all suffer from the disadvantages already 
described. However, further concerns have been raised with respect to the use of 
polyoxymethylene as an aesthetic bracket material (Reynolds, 1975; Bishara and Fehr, 
1997). Although polyoxymethylene was said to provide stronger bracket tie wings, have 
improved abrasion resistance, less discolouration and better sliding mechanics, the 
principal disadvantage is that under certain conditions polyoxymethylene can degrade 
and release formaldehyde. This includes response to thermal stimuli, acids such as fizzy 
drinks, mechanical stimuli from the archwire or mastication, and background radiation. 
This is a real problem as formaldehyde is mutagenic and carcinogenic and its vapour 
alone can result in mucosal irritation and dermatitis. Furthermore, if formaldehyde is 
combined with water and ingested it can lead to abdominal pain and even death (Kusy 
and Whitley, 2005).  
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To summarise, polymeric brackets are best restricted to cases requiring minimal tooth 
movement (Jena et al., 2007). In an attempt to overcome the problems of polymeric 
brackets, in particular the problem of creep, manufacturers have altered the polymer, 
introduced fillers and also added metal slot liners. 
2.3.4.1 Metal slot liners 
Metal slot liners added to polymeric brackets reduce the effect of creep, improve torque 
transfer when in rectangular wires and improve the frictional characteristics of the 
brackets. A study comparing seven polymeric brackets, with or without various 
modifications including metal slot liners, found that those with a metal slot liner 
demonstrated the lowest degree of creep under load. As a result the authors concluded 
that polymeric brackets were only suitable for clinical use if they possessed a metal slot 
liner (Sadat-Khonsari et al., 2004). This finding was supported by other similar studies 
(Alkire et al., 1997; Harzer et al., 2004; Möller et al., 2009; Nishio et al., 2009; Matsui et 
al., 2015).  
Choi et al. (2013) measured the in vitro frictional resistance during sliding mechanics of 
three types of polymeric brackets, including glass fibre-reinforced polycarbonate, filler-
reinforced polycarbonate, and a hybrid polycarbonate/polyethylene polymer with a 
metal slot insert, and compared them with stainless-steel and ceramic brackets. They 
found that the polymeric brackets with a metal slot liner showed the lowest frictional 
values, including the stainless-steel control bracket. Although they concluded that 
polymeric brackets with metal slot liners were the best choice among polymeric 
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brackets for low frictional resistance, this finding was not supported by the earlier work 
of Thorstenson and Kusy (2003), who found that the addition of these inserts did not 
considerably improve the frictional resistance over those without inserts. Indeed Ali et 
al. (2011) found the slot periphery in some metal slot liners to be particularly rough, 
such that it may affect sliding mechanics. 
2.3.4.2 Fibre/filler reinforcements 
To overcome the problems of low wear resistance, creep and staining, polymeric 
brackets have been reinforced with fillers and/or fibres. Of the fillers, the most 
commonly used is silica. Several different types of fibre have also been used including 
carbon, polyethylene and fibreglass, with the latter said to have the most reinforcing 
effect (Faltermeier et al., 2007b). Interestingly the presence of fillers in polycarbonate 
brackets was associated with the highest degree of deformation under torqueing stress 
(Sadat-Khonsari et al., 2004).  
Choi et al. (2013) analysed the surface roughness and friction of the slot floors of 
polymeric brackets, with and without slot liners, and compared them to stainless-steel 
and ceramic brackets. They found that filler-reinforced polymeric brackets showed 
higher frictional resistance to sliding than polymeric brackets with metal slot liners and 
stainless-steel brackets but lower than that of the ceramic brackets. 
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 Ceramic orthodontic brackets 
Since their introduction in the 1980s, ceramic brackets have become very popular, with 
their use in the USA reportedly increasing during the period 1986 to 2014, from 6% to 
70%. At the same time, the use of polymeric brackets declined significantly (Keim et al., 
2014). Properties such as good torque control and improved wear resistance meant they 
quickly superseded polymeric brackets as the labial aesthetic appliance of choice (Sinha 
and Nanda, 1997b). 
Although the term ‘ceramic’ encompasses many different compounds, most of the 
currently available ceramic brackets are composed of aluminium oxide. Two basic types 
of alumina bracket exist, based on two different manufacturing processes. The first 
brackets were milled from single crystals of sapphire using diamond tools (Swartz, 1988). 
As a result, they were termed monocrystalline and were completely transparent in 
appearance. The second type, known as polycrystalline, were manufactured from 
alumina powder that was combined with special binders, packed into a bracket shaped 
mould and then thermally fused in a firing process known as sintering. The most 
apparent difference between the two is their optical clarity, with the monocrystalline 
brackets being more translucent. However, the polycrystalline variety tends to be more 
widely available due to their relative ease of manufacture (Swartz, 1988; Saunders and 
Kusy, 1994; Russell, 2005).  
Polycrystalline zirconia brackets have been offered as an alternative to alumina ceramic 
brackets. They are characterised by a higher fracture toughness and therefore a lesser 
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tendency to in service failures and also improved frictional characteristics when 
compared to alumina (Keith et al., 1994). However, they are aesthetically unacceptable 
due to their greater opacity which in addition may adversely affect bond strength with 
light-cured adhesive (Springate and Winchester, 1991). As the clinical performance of 
alumina ceramic brackets has continued to improve over recent years, zirconia brackets 
are rarely used (Russell, 2005). 
Properties such as excellent aesthetics, good colour stability and minimal slot distortion 
have made ceramic brackets very popular in contemporary orthodontics. They are 
durable, can resist deformation and allow adequate force control over long treatment 
periods leading to good treatment outcomes (Karamouzos et al., 1997; Meguro et al., 
2006; Eliades, 2007). However, they have a number of disadvantages. These can be 
listed under four main headings, namely: their chemically inert nature, brittleness, 
hardness and friction.  
2.3.5.1 Chemically inert nature 
A disadvantage of ceramics is their inert nature and a failure to form chemical bonds 
with resin adhesives (Olsen et al., 1996). As a result, bonding occurs either mechanically, 
chemically (with an intermediate silane coupling agent), or a combination of the two. 
Chemical bonding can be achieved via an intermediate silane coupling agent. To 
facilitate this, glass is usually added to the ceramic bracket base during manufacture. 
The silane is able to bond to both the glass of the ceramic and to the glass filler particles 
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in the resin adhesive (Jena et al., 2007). When first introduced, ceramic brackets had 
smooth silane coated bonding bases.  
Although this might initially appear to be an advantage in terms of bracket manufacture, 
a smooth bracket base leads to a wide distribution of stress over the whole 
enamel/bracket interface, which requires a greater force to debond. The use of silane on 
smooth ceramic bracket bases resulted in unacceptably high bond strengths in clinical 
use (Bishara et al., 1993; Wang et al., 1997; Pudyani and Widiarsanti, 2016), such that 
debonding ceramic brackets increased the risk of failure at the enamel adhesive 
interface, rather than at the bracket adhesive interface, resulting in enamel damage 
(Jeiroudi, 1991; Karamouzos et al., 1997; Årtun, 1997; Jena et al., 2007; Kitahara-Céia et 
al., 2008; Eslamian et al., 2011). It is the brittle and rigid nature of both the ceramic and 
the enamel which increases the risk of enamel fracture at debond (Swartz, 1988; 
Elekdag-Turk et al., 2009). 
Second generation ceramic brackets with a mechanical bonding base using undercuts 
were introduced in 1991. Mechanical bonding at the bracket base can be achieved using 
various designs such as dovetails, balls and dimples. These second generation brackets 
have been shown to have significantly lower bond strengths, with a concomitant 
reduced risk of enamel fracture when compared with the first-generation brackets 
(Forsberg and Hagberg, 1992; Redd and Shivapuja, 1991; Årtun, 1997). However, there is 
a greater probability of bond failure when not coated with silane (Fernandez and Canut, 
1999). Laboratory testing showed that ceramic brackets have fewer mechanical 
undercuts when compared to mesh based metal brackets, leading to localised stress 
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concentration of the adhesive and thereby increased bond failure (Swartz, 1988; 
Karamouzos et al., 1997). 
Interestingly this is not a universal finding, as some studies have reported no bond 
strength differences between ceramic brackets with chemical or mechanical retention 
(Blalock and Powers, 1995), or between ceramic brackets and polycarbonate brackets 
(Özcan et al., 2008) or between ceramic brackets and stainless-steel brackets (Habibi et 
al., 2007). 
2.3.5.2 Fracture toughness 
Although ceramic brackets are rigid materials, another problem they possess is their low 
fracture toughness and a tendency to fracture during clinical use (Bishara, 2000; Sinha 
and Nanda, 1997b; Holt et al., 1991; Karamouzos et al., 1997). Ceramics are susceptible 
to crack propagation caused by minute surface imperfections or material impurities 
(Kelly et al., 1989; Matsui et al., 2015). Surface cracks can arise from something as 
simple as a scratch from a misplaced instrument. The fracture toughness of ceramics is 
20 to 40 times less than stainless-steel (Swartz, 1988; Scott, 1988). Additionally, 
stainless-steel brackets can undergo approximately 20% deformation before failing, 
whilst ceramic bracket failure occurs at less than 1% deformation (Bishara and Trulove, 
1990a; Bishara et al., 1997). Of the two ceramic bracket types in use, polycrystalline 
alumina displays a higher fracture toughness than monocrystalline alumina (Viazis et al., 
1993). This lower fracture toughness of the monocrystalline brackets is attributed to the 
lack of grain boundaries capable of inhibiting crack propagation, and therefore an 
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inability to absorb energy during loading, leading to increased risk of failure (Scott, 1988; 
Swartz, 1988; Ghafari et al., 1992).  
Tie wings areas are the most common areas of ceramic bracket fracture (Figure 2-3). 
This can occur either due to tensile forces produced directly by steel ligatures, or when a 
large rectangular steel archwire is used to apply torque (Scott, 1988; Holt et al., 1991; 
Johnson et al., 2005). Fracture of the tie wings during treatment can increase chairside 
time, lead to loss of tooth control, increased patient discomfort and the potential risk of 




Figure 2-3. Fracture of the two tie wings in a ceramic orthodontic bracket             
(Melsen, 2012). 
This low fracture toughness can also result in problems at debond, with failures 
occurring cohesively within the bracket or enamel (Viazis et al., 1990). When ceramic 
bracket fracture occurs at debond it leaves fragments on the enamel, which then require 
removal using a high speed handpiece and a diamond bur. This increases the debond 
appointment time, the risk of direct enamel damage (Suliman et al., 2014), the risk of 
pulpal damage by overheating (Karamouzos et al., 1997) and exposure of both the 




Ceramic brackets, being second in hardness only to diamond, are significantly harder 
than enamel. Although it means they are not susceptible to toothbrush abrasion, unlike 
polymeric brackets, excessive tooth wear can occur when ceramic brackets come into 
contact with the opposing teeth (Figure 2-4) (Swartz, 1988; Douglass, 1989; Viazis et al., 
1990; Bishara and Fehr, 1997; Ogaard, 2004).  
 
Figure 2-4. Enamel wear of maxillary incisors due to occlusal contact with the ceramic 
brackets on the lower incisors (Melsen, 2012). 
As a consequence, it is recommended to avoid the use of ceramic brackets in the lower 
arch in cases where there is a deep overbite (Douglass, 1989; Birnie, 1990; Viazis et al., 
1990). Viazis et al. (1990) conducted an in vitro study on 64 premolars looking at the 
effect of enamel abrasion damage from ceramic and stainless-steel brackets and 
reported that enamel abrasion was 9 to 38 times greater in the case of ceramic brackets. 
Another purported disadvantage of ceramic brackets is excessive archwire wear, 
particularly at the slot margin, leading to notching of the wire and increased friction 
(Bishara and Fehr, 1997). 
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2.3.5.4 Friction  
Friction is the force resisting motional sliding when one object moves against another 
(Kusy and Whitley, 1990; Burrow, 2009; Géminard and Bertin, 2010). Ceramic brackets 
present relatively increased friction due to their rougher, more porous surfaces 
(Angolkar et al., 1990; Ghafari et al., 1992; Gioka and Eliades, 2004; Rashid, 2014; 
Carrion-Vilches et al., 2015). An increase in friction between the bracket and the 
archwire, which might affect the rate of tooth movement, has been suggested as a 
problem with ceramic brackets compared to metal brackets (Schumacher et al., 1990; 
Bazakidou et al., 1997). Additionally, polycrystalline brackets have been reported to 
produce greater friction than monocrystalline brackets (Arash et al., 2015).  
In a study by Pratten et al. (1990), the frictional resistance of ceramic and steel brackets 
in dry and wet environments was evaluated. They concluded that ceramic brackets 
produce greater friction than stainless-steel brackets in both environments. Ireland et al. 
(1991) compared friction in conventional and ceramic brackets using steel and nickel 
titanium wires. Their findings showed that frictional resistance was greater with ceramic 
brackets compared to metal brackets but only when used with smaller dimension 
rectangular wires.  
However, it is worth noting that increased friction has been only demonstrated in 
laboratory studies. There is no clinical evidence to suggest this to be a problem affecting 
tooth movement. Friction in orthodontics is more complex than just the two materials in 
contact. Factors that will also affect friction include the mesio-distal bracket width, the 
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critical angle between wire and the slot, the surface topography of the slot, the slot 
lining e.g. stainless-steel and whether there is any rounding of the slot base (Kapur 
Wadhwa et al., 2004; Arici et al., 2015). 
 Ceramic bracket modifications 
In order to overcome some of the aforementioned disadvantages of ceramic brackets, a 
number of modifications have been introduced including:  
• The addition of a thin polycarbonate base to facilitate easier/safer debonding 
• A metal reinforced slot to reduce friction 
• A prestressed vertical notch to act as a stress raiser to facilitate easier/safer 
debonding 
These will now be described in greater detail. 
2.3.6.1 Addition of a thin polycarbonate base 
The benefit of combining two materials, namely a polycarbonate base to a ceramic 
bracket, is to produce a final product that is superior to either of its principal 
components alone (Kusy, 1998). In this case the aesthetics, abrasion resistance and 
resistance to creep under continuous load of the ceramic bracket are retained, whilst 
the relative ease of debond of a polymeric bracket is utilised by incorporating a 
polycarbonate shim as the base of the ceramic bracket. The shear bond strengths of 
such brackets are significantly lower than those observed during the debond of single 
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component ceramic brackets (Olsen et al., 1997; Elekdag-Turk et al., 2009), making them 
as easy to remove as metallic brackets and reducing the risk of enamel damage in vivo 
(Winchester, 1992b; Franklin and Garcia-Godoy, 1993; Olsen et al., 1997). However, in 
clinical use the presence of a well-defined boundary between the polymer phase and 
the ceramic phase often resulted in premature delamination of the base during clinical 
use (Bordeaux et al., 1994; Olsen et al., 1997). This can subsequently result in loss of 
tooth control during orthodontic treatment, increased treatment time and the 
probability of enamel damage due to the repeated removal of residual adhesive 
following unwanted debond (Bishara et al., 1999).  
2.3.6.2 Metal reinforced slot 
Metal slot liners have been placed in some ceramic brackets, not to reduce the creep as 
is the case with polymeric brackets, but in an attempt to reduce friction (Pratten et al., 
1990).  
Studies have shown that ceramic brackets with a metal slot liner demonstrate 
equivalent or lower frictional resistance values than conventional ceramic brackets 
without a liner (Loftus et al., 1999; Guerrero et al., 2010). Arici et al. (2015) compared 
the friction of ceramic brackets with and without a steel slot liner to stainless-steel 
brackets and reported that the ceramic bracket with the slot liner showed the lowest 
friction, while the unlined ceramic bracket showed the highest friction. Although 
Cacciafesta et al. (2003) also reported that ceramic brackets with a slot liner significantly 
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reduced friction compared to ceramic brackets, they reported it was still higher than 
with stainless-steel brackets.  
2.3.6.3 Prestressed vertical notches 
A ceramic bracket incorporating a vertical slot in the base was introduced in 1997 and 
this bracket was designed to help create a consistent site and mode of failure during 
debond, thereby reducing the risk of enamel damage (Bishara et al., 1997). This vertical 
slot acts as a stress raiser, making debonding easier and more predictable (Figure 2-5). 
The notch concentrates the stress applied to the bracket and promotes failure within the 




Figure 2-5. Debonding procedure using Clarity™ brackets: note that the bracket collapses 
in the middle part of the slot (Melsen, 2012). 
 Debonding ceramic brackets 
Various techniques for debonding ceramic brackets have been suggested including the 
conventional mechanical method using specialised debonding pliers, ultrasonic, 
electrothermal and laser aided methods (Bishara and Trulove, 1990a; Bishara and 
Trulove, 1990b).  
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2.3.7.1 The mechanical method 
This technique requires the use of specially designed pliers that work either through 
deformation of the bracket, or by stressing the adhesive to cause failure. This is probably 
the most popular method of ceramic bracket removal. Failure is anticipated to be 
adhesive at the bracket-adhesive interface or cohesive within the adhesive, or a mixture 
of the two.  
A peeling movement is used and therefore debonding occurs as a result of shear, tensile 
and torsional forces (Katona, 1997). Various methods are used to mechanically debond 
ceramic brackets including the “lift off” bracket technique using a pistol grip plier and 
tensile forces, the delamination technique using a sharp instrument and a peeling force 
and a wrench with torsional forces applied to the bracket base. The “lift off” debonding 
method produces the most bracket fractures, whereas delamination and torsional forces 
allow for minimal residual adhesive to be left on the tooth (Bishara et al., 1994; Sinha 
and Nanda, 1997a), but possibly greater risk of patient discomfort and enamel damage.  
Whichever method is used, there is the potential risk of cracks being created within the 
enamel (Ghafari et al., 1992). Since ceramic brackets are much more brittle than 
stainless-steel, unwanted failure can occur at the adhesive-enamel interface, or within 
the enamel surface. Therefore, particular care should be taken in the use of ceramic 
brackets on teeth that are compromised by the presence of developmental defects, 




2.3.7.2 Ultrasonic debonding technique  
In this method debonding of ceramic brackets is facilitated by removing the excess 
bonding adhesive around the bracket base using an ultrasonic scaler. The advantage of 
ultrasonic scalers is that they may decrease the chance of enamel damage and bracket 
failure. However, the disadvantages of this technique include: increased chairside time, 
patient discomfort and equipment cost in terms of damage to expensive ultrasonic tips 
on the hard ceramic brackets (Bishara and Trulove, 1990a; Krell et al., 1993). 
Additionally, excessive heat may potentially cause pulpal irritation and possible necrosis. 
2.3.7.3 Electrothermal debonding 
During electrothermal debonding, heat is generated by the instrument tip in contact 
with the ceramic bracket which raises the temperature of the bonding adhesive above 
its glass transition temperature, making it relatively easy to then slide the bracket off the 
tooth surface. Thermal debonding is therefore effective in reducing the risk of enamel 
and bracket fracture, but the potential for pulpal damage is greater (Kraut et al., 1991; 
Stratmann et al., 1996; Kearns et al., 1997; Crooks et al., 1997; Yogesh et al., 2016). 
Currently, electrothermal debonding is still not sufficiently efficient for routine clinical 
use. This is because the instrument must be cooled down after the removal of just a few 
brackets and before the debonding procedure can be continued (Strobl et al., 1992).  
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2.3.7.4 Laser aided debonding  
In this type of debonding, the labial surface of the bracket is irradiated by a laser in 
order to once again soften the composite bonding adhesive by raising its temperature 
above the glass transition temperature. Reports have shown that this technique also 
reduces the risk of enamel damage and decreases the incidence of bracket fractures 
(Tocchio et al., 1993; Strobl et al., 1992; Feldon et al., 2010; Tehranchi et al., 2011). 
However, early research into the dental use of lasers showed that laser irradiation 
generates high temperatures that can result in pulpal damage (Tocchio et al., 1993). 
However, improvements in understanding and advances in laser technology have 
resulted in a reduction in this undesirable heating during use (Obata et al., 1999; Azzeh 
and Feldon, 2003; Ural et al., 2010). Nevertheless, the cost of the equipment and time 
taken to perform the debond means this technique has not proven popular in practice.  
Regardless of the technique used to debond ceramic brackets, special care and 
consideration should always be taken due to the extreme hardness and low fracture 
toughness of the ceramic material. Ideally the enamel should be protected from damage 
leaving only a small amount of residual adhesive on the enamel surface at debond. If a 
considerable amount of adhesive remains on the enamel surface, the risk of enamel 




2.4 Biological and biomimetic materials 
Biological materials such as teeth and bone exhibit interpenetrating network 
microstructures consisting of multiphase constituents (Weinkamer and Fratzl, 2011; 
Porter et al., 2013). Many of these structures show a unique combination of mechanical 
properties being strong, tough and light at the same time (Wegst et al., 2015). The 
experimental ceramic/polymer composites analysed in this study were chosen to 
emulate the mechanical properties of natural human dentine and enamel. Their 
composition and structure, as well as mechanical properties, will be discussed in the 
following literature review. 
 Constituent materials and composition 
Teeth are complex multi-layered structures comprising enamel, dentine, cementum and 
pulp. The enamel and dentine are joined together at a complex interface called the 
dentine-enamel junction (Meyers et al., 2011; Chan et al., 2011). 
Enamel, the external surface of the tooth, is the hardest and most highly mineralised 
tissue in the human body. It is composed of largely inorganic calcium phosphate in the 
form of hydroxyapatite crystals (96 to 97% by weight), surrounded by an organic mainly 
protein phase which includes amelogenins, enamelins (2 to 3% by weight) and finally 
water (1% by weight). Enamel provides a protective hard and wear resistant cover for 
the dentine and the pulp, allowing the tooth to withstand the masticatory forces 
throughout lifetime (Spears et al., 1993) . At the microstructural level, enamel is 
uniquely composed of aligned mineral rich rods 3 to 6 µm in cross sectional diameter 
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with varying orientation and diameters (Figure 2-6). The rods are arranged throughout 
the enamel and embedded in the interrod enamel, which is protein rich (Young, 1974; 
Braly et al., 2007). 
 
Figure 2-6. Schematic illustration of enamel’s microstructure showing the enamel rods 
(Habelitz et al., 2001). 
Dentine on the other hand, is a mineralised tissue that forms the bulk of the tooth. It 
consists of 70% by weight hydroxyapatite, 20% by weight organic phase, mainly type I 
and type V collagen, with the remainder made up of non-collagen proteins and lipids 
and 10% by weight water. The hydroxyapatite crystals in dentine are smaller than those 
in enamel (Rasmussen et al., 1976; Van Meerbeek et al., 2003).  
 Structure of teeth 
An anisotropic microstructure is the main characteristic of natural enamel and dentine, 
as well as many other natural biological materials. This results in an anisotropic response 
upon loading (Kinney et al., 2003). 
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The structure of teeth is characterised by an organised inorganic-organic network, 
resulting in the formation of lightweight frameworks (Chen et al., 2008; McKittrick et al., 
2010; Lee et al., 2011). The combination of the hierarchical structure, the organic matrix 
and the inorganic constituents of biological materials leads to superior mechanical 
properties, while in fact the individual inorganic phases are often by themselves 
relatively weak (Chen et al., 2008; Studart, 2012).  
 Mechanical properties of biological materials  
Different purposes are served by different biological materials, and in the case of enamel 
and dentine, these include mastication and protection of underlying pulpal tissue (Goel 
et al., 1990; McKittrick et al., 2010). Under normal oral conditions, opposing teeth may 
have a critical contact area of 0.4 to 2.2 mm² with a bite force reaching 1000 N (Waltimo 
and Kononen, 1995; Hayasaki et al., 2004). Unlike other calcified skeletal structures, any 
damage to the enamel is not repairable. The fracture toughness of enamel and dentine 
is higher than their constituent hydroxyapatite phases, implying a reinforcement 
mechanism resulting from a structural combination of inorganic and organic phases 
(Studart, 2012). Dentine is characterised by its compliant nature and low modulus of 
elasticity. Therefore, dentine serves as an elastic foundation for the hard, brittle 
outermost enamel, thus absorbing stress applied to the teeth. Table 2-2 shows a 




Property Enamel  Dentine 
Density (g/cm3) 3.02 (Wilson et al., 1999) 1.9 to 2.4 (Lin et al., 2010) 
Compressive strength  62 to 89 (Chun et al., 2014) 194 to 224 (Chun et al., 2014) 
Elastic Modulus (GPa) 82 to 100 (He and Swain, 2008) 20.3 (Xu et al., 1998) 
Fracture toughness (MPa.m½) 0.6 to 0.9 (Park et al., 2008) 2.2 to 2.4 (Yan et al., 2009) 
Hardness (GPa)  3.4 (Min et al., 2016) 0.6 to 0.9 (Lawn and Lee, 2009) 
Table 2-2 Summary of the properties of human enamel and dentine. 
 A biomimetic approach – interpenetrating phase composites 
Biomimetic materials refer to synthetically engineered materials that are inspired by one 
or more aspects of design, function or properties of natural biological materials (Meyers 
et al., 2008; Chen et al., 2012; Porter et al., 2013). The potential of using a 
microstructural design to produce materials characterised by innovative mechanical 
properties will now be described, along with examples of the interpenetrating multi-
phase composite materials. 
In order to design dental materials characterised with tooth-like properties, novel 
CAD/CAM composites consisting of polymer-infiltrated-ceramic-network materials have 
been introduced in recent years (He and Swain, 2011; Coldea et al., 2013; Nguyen et al., 
2014). In 2008,       Munch et al. described the fabrication of ceramic/polymer 
composites by producing a porous alumina scaffold infiltrated with polymethyl 
methacrylate. They described the resultant product as having very similar features to 
natural nacre. The mechanical properties of this composite material included a high 
toughness and elastic strain, both of which would be desirable in orthodontic brackets. 
They concluded that the production of a porous structure, by using the technique of 
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freeze-casting, and then infiltrating it with a second phase organic could produce 
composites with a strength that could match that of an aluminium alloy. Later work by 
Launey et al. (2009; 2010) showed that composites fabricated by freeze-casting porous 
alumina scaffolds which were then infiltrated with a second more ductile phase, 
exhibited a higher fracture toughness than pure alumina.  
Two phase bioinspired composites were fabricated by Naleway et al. (2015) using a 
freeze-casting technique of aqueous suspensions consisting of 10 vol.% zirconia ceramic 
powder. The resultant porous scaffolds were then infiltrated with epoxy polymer as the 
second more flexible phase. They found that these composites exhibited higher 
mechanical strength when compared to both constituents, a phenomenon that is 
common to biological composites. The authors suggested that the composite material 
could mimic the mechanical behaviour of natural biological materials and could serve in 
applications as biological implants. Moreover, An et al. (2016) fabricated composite 
materials either with or without hierarchical architectures inspired by bone. They found 
that hierarchical structural properties enhanced the mechanical properties of the 
composite, with a combination of high strength and toughness. The fracture toughness 
was more than double that of the composite without the hierarchical architecture. 
Dental interpenetrating phase composites can be defined as materials that combine the 
characteristics of both dental ceramics and composites, which are the most commonly 
used materials in dentistry. A recent review that investigated the properties of such 
materials stated that they demonstrated good mechanical properties and showed 
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resistance to degradation when cemented to the teeth (Facenda et al., 2018). Three 
dental interpenetrating materials currently available on the market are:  
• Captek (Argen Edelmetalle GmbH, Duesseldorf, Germany). 
• In-Ceram Alumina (VITA Zahnfabrik, Bad Saeckingen, Germany). 
• Enamic (VITA Zahnfabrik, Bad Saeckingen, Germany). 
Captek is used as a restorative core material and comprises a porous gold-platinum-
palladium scaffold infiltrated with gold (Goodson et al., 2001). The gold acts as an 
antibacterial agent that inhibits plaque accumulation in the oral environment, while the 
mechanical strength and toughness are provided by the matrix scaffold. This composite 
material is later covered by a ceramic to improve its aesthetics. 
In-Ceram Alumina is an interpenetrating phase composite that is fabricated from a 
porous alumina preform infiltrated with glass. It is therefore a ceramic/glass composite 
and is used for restorative crown and bridge frameworks. The material is characterised 
by superior mechanical properties when compared to conventional dental ceramics 
(Campbell et al., 1995; Giordano et al., 1995; Hornberger et al., 1996).  
Based on this In-Ceram material, VITA has since developed porous ceramic scaffolds and 
infiltrated these with a polymer instead of glass. He and Swain (2011) investigated the 
mechanical properties of these polymer/ceramic composite materials including modulus 
of elasticity, hardness, and fracture toughness. They suggested that the interpenetrating 
composite materials produced were characterised by similar properties to human teeth. 
Coldea et al. (2013) tested the same polymer infiltrated ceramic networks but with 
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differing ceramic to polymer volume contents. They measured mechanical properties 
such as flexural strength and hardness and considered these materials to more closely 
imitate natural tooth properties compared with existing dental restorative materials. 
They also suggested that during hardness testing, the induced cracks were arrested by 
the polymer network causing greater crack deflection than the dense ceramic material.  
The resultant material, namely Enamic, was later marketed by VITA as a restorative 
material and is described as mimicking natural teeth (Mörmann and Swain, 2014; Della 
Bona et al., 2014). Enamic comprises a sintered porous ceramic matrix (86% by weight) 
infiltrated with a UDMA-TEGDMA polymer matrix (14% by weight) (Figure 2-7) (Leung et 
al., 2015). 
A review by Swain et al. (2016) evaluated the different properties of this material and 
found that crowns fabricated using it were more resistant to cracking induced by 
masticatory forces. Previous studies had observed microcracks between the phases of 
the material, which could have a critical effect on the microstructure and hence the 
mechanical behaviour of the composite (Della Bona et al., 2014; Stawarczyk et al., 2016; 




Figure 2-7. Microstructure of polymer-infiltrated-ceramic-network materials. Polymer 
matrix and ceramic matrix are labelled P and C, respectively (Min et al., 2016). 
In addition to the commercially available materials described, experimental two phase 
interpenetrating composites have also been produced and evaluated. Porous ceramic 
scaffolds fabricated using freeze-casting and subsequently infiltrated with epoxy 
polymer have been investigated as possible indirect dental restorations (Petrini et al. 
(2013). Silica scaffolds with UDMA-TEGDMA as the organic phase, this time created 
using the press moulding technique and heat polymerised to produce the final 
composite blocks, have been suggested as a permanent crown restoration material. The 
inorganic phase was relatively high at 70% by weight and the flexural strength measured 
200 MPa (Okada et al., 2014).  
An experimental glass ceramic porous network produced by slip-casting and then 
infiltrating with UDMA polymer, followed by in situ high temperature/high pressure 
polymerisation, was described by Nguyen et al. (2014). They investigated the material 
properties and compared them to commercially available composite CAD/CAM block 
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material. The results of the study revealed that the mechanical properties of the resin 
infiltrated glass ceramic network were superior with respect to fracture toughness, 
strength and hardness. 
A more recent study conducted by Li et al. (2017) produced tough polymer-infiltrated 
zirconia composites using a pressing technique, followed by infiltration with a 
BisGMA/TEGDMA monomer mixture. They stated that the resultant interpenetrating 
phase composite materials demonstrated high strength and toughness. 
2.5  Fabrication techniques of porous ceramics 
Porous ceramics with tailored open pore structures that can mimic natural structures 
are of potentially great use in the biomedical field. They can also be utilised as preforms 
that can be infiltrated with a second phase, such as a polymer or metal, to produce 
interpenetrating composites for different biological and engineering applications. 
Ceramic as the scaffold material for biomedical applications brings the advantages of 
biocompatibility, high strength and wear resistance (Green and Colombo, 2003). The less 
resilient interpenetrating polymer phase brings its own advantages, principally 
improving the toughness of the composite material, whilst itself being protected by the 
more durable ceramic phase.  
Typical methods used to produce open porous ceramics are partial sintering, replica 
templating, direct foaming or sacrificial fugitives (Ohji and Fukushima, 2012). Whatever 
the method of production, the ideal properties of the porous ceramic scaffold are good 
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mechanical properties, chemical stability and an interconnected pore network (Hammel 
et al., 2014; Scotti and Dunand, 2018).   
Partial sintering, the most traditional technique, can produce homogenous porous 
ceramics with reasonably good mechanical properties. However, the main disadvantage 
of this method is that the ceramic scaffold often has a low porosity and the pore 
structures cannot be controlled (Ohji and Fukushima, 2012).  
The replica template technique has been used to fabricate porous ceramics with a high 
porosity and large interconnected pores by using a porous polymeric sponge as a 
template. However, the mechanical performance of the resultant structures is usually 
poor (Studart et al., 2006; Ohji and Fukushima, 2012).  
The direct foaming technique offers easy low cost production of the porous ceramic 
framework. However, it is difficult to achieve a graded structure, the porosity is limited 
and interconnectivity control is poor (Barg et al., 2009; Ohji and Fukushima, 2012).  
The freeze-casting technique, based on the principle of using a sacrificial fugitive such as 
water, has been the most popular method of producing ceramic scaffolds in recent 
years. Using this method, it is possible to create unique porous ceramics with excellent 
properties. It is this method that forms the basis of the research in the present study and 
so it will now be described in greater detail.  
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 Freeze-casting technique 
Freeze-casting is a well-established technique that can be used to fabricate porous 
scaffolds with complex microstructures from a ceramic powder suspension (Deville et 
al., 2015). It is relatively simple, cost efficient, environmentally friendly and offers the 
ability to produce a porous material with controlled-size and interconnectivity of the 
pores. A large number of processing parameters are generally used to tailor the final 
architecture of the porous scaffolds (Zhang et al., 2009; Deville, 2010).  
The pores are produced by controlling the solidification of a solvent, for example water 
within a powder suspension, followed by sublimation and solidification via sintering 
(Deville, 2008; Wegst et al., 2010), as can be seen in Figure 2-8.  
For aqueous ceramic suspensions, the ice crystals in the porous structure are usually 
removed by freeze-drying, leaving the pores as a negative replica of the initial ice 
crystals formed during freezing. The most commonly reported microstructures of freeze-





Figure 2-8. The fundamental steps in the production of a freeze-cast ceramic scaffold.   
a) stable ceramic suspension; b) freezing of the suspension; c) sublimation of the ice 
crystals to create a green body; d) densification of the green body through sintering 
(Deville, 2013).  
The use of freeze-casting to produce porous materials began in the 1980s. Mahler and 
Bechtold (1980) produced silica fibres by phase separation during the freezing of 
aqueous polysilicic acid. A few years later Tong and Gryte (1985) studied the 
mechanisms of lamellar ice crystal growth in frozen agar gels, and specifically the 
influence of the freezing rate on the crystal structure and final porosity. However, it was 
only in 2001, with the work of Fukasawa, that the idea of using freeze-casting to 
fabricate porous ceramic structures from a water based ceramic suspension was 
formulated (Fukasawa et al., 2001a). Since then a large number of papers have been 
published in this field.  
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Of particular interest in the current project is the utilisation of freeze-cast alumina 
ceramic porous scaffolds (Fukasawa et al., 2001a; Fukasawa et al., 2001b; Deville et al., 
2007; Preiss et al., 2012; Petrini et al., 2013), and the production of interpenetrating 
composite materials with the potential for use as two phase orthodontic bracket 
materials.  
There are many advantages of freeze-casting, particularly when using a water based 
ceramic suspension. These include: the flexibility of the freeze-casting process, the 
variety of attainable pore structures, the possibility of tuning the templated 
microstructure during the process, the potential applications and its cost effectiveness 
(Deville, 2010; Wegst et al., 2010; Scotti and Dunand, 2018). However, freeze-casting of 
porous ceramics is not without issues and the main disadvantage is the complexity when 
attempting to understand the underlying principles that govern the microstructure 
template during freeze-casting. Other problems include the volume expansion of water 
on solidification and the use of a high solid content (> 60%), which makes processing 
more difficult and expensive due to the need for a pressurised production system (Sofie 
and Dogan, 2001; Scotti and Dunand, 2018). 
 Freeze-casting process 
2.5.2.1 Creation of suspension 
The first part of the freeze-casting process involves the creation of a ceramic suspension. 
The ceramic powder used in the suspension comprises either micro or nanoparticles 
dispersed in a liquid medium. A dispersant and other additives may also be added to the 
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suspension to reduce any tendency to particle segregation and help control the stability 
of the suspension. This in turn will help create the density gradients and final porosity of 
the ceramic scaffold (Deville, 2010; Deville et al., 2015). Typical ceramic powders used in 
freeze-casting include alumina and hydroxyapatite (Deville, 2008). Particle size can 
influence ice crystal nucleation and thereby pore structure. Smaller particles provide 
more nucleation points during solidification, better particle redistribution and packing 
during solidification, resulting in thinner ceramic walls and ultimately lower porosity 
values for identical solid loadings (Deville et al., 2009; Deville et al., 2010; Zhou et al., 
2011; Zamanian et al., 2014). 
2.5.2.2 Freezing conditions 
Freeze-casting techniques can be categorised as anisotropic or isotropic. Isotropic 
freeze-casting is used for the production of non-aligned porosity (Prakobna et al., 2016). 
The anisotropic technique is of interest in this study as it allows the production of 
aligned pores.  
Once created the ceramic suspension is poured into a mould within a custom-built 
machine. The mould comprises thermally insulating sides and a thermally conductive 
base. In this initial stage of solidification, the base of the mould is cooled, which 
promotes ice crystal nucleation and directional solidification within the suspension from 
the bottom to the top across a temperature controlled gradient. This is the critical stage 
where the structure of the final scaffold is determined, namely the pore size, their 
orientation and interconnection (Deville et al., 2015; Scotti and Dunand, 2018).  
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Two types of freeze-cast systems have been described: one-sided and two-sided freeze-
casting. The most commonly used is the two-sided freezing system where the top and 
the bottom temperatures can be pre-set, providing a better control over the freeze-
casting system. Solidification typically takes place vertically from the bottom to the top. 
The one-sided freezing system only has a controlled temperature at the base, meaning 
less overall control of the structure of the final scaffold (Deville et al., 2006a; Wegst et 
al., 2010; Scotti and Dunand, 2018). With either system, a temperature gradient forms 
and it is along this temperature gradient that ice crystals then form within the ceramic 
suspension. According to Deville (2008), three different zones have been identified 
during the freeze-cast process, namely: the dense zone, the intermediate columnar zone 
and the lamellar structure zone.  
2.5.2.3 Freeze-drying 
Once the ceramic suspension has been freeze-cast, it is then placed into a freeze-dryer 
within its mould. Here it is kept under conditions of low temperature and low-pressure, 
which results in the elimination of the solvent and evaporation of the ice crystals (Szepes 
et al., 2007; Deville, 2008; Launey et al., 2010; Wegst et al., 2010). After the sublimation 
of the ice, a ceramic scaffold is obtained where the porous spaces are replicas of the 
original frozen solvent. For different solvents different sublimation conditions are 
required. The green body obtained retains its shape due to the action of the binder that 




In order to obtain a strong freeze-cast ceramic scaffold, a sintering step is required in 
which densification is achieved by elimination of any micro porosity between the 
ceramic particles within the walls, while maintaining the macro porosity. This will 
decrease the total porosity and improve the overall mechanical strength. Sintering 
conditions are not believed to have a significant impact on other pore network 
characteristics (Deville et al., 2006b; Deville et al., 2007; Fu et al., 2008).  
Following sintering, the freeze-cast porous ceramic scaffold, with its aligned porosity, is 
ready to be used as a preform and infiltrated with a variety of materials, including 
metals or polymers, depending upon the intended final application. 
 Control parameters in the freeze-casting method 
The most important parameters involved in the freeze-casting technique are the 
suspension solid loading, the solvent system, additives, the temperature gradient and 
the freezing rate (Fukasawa et al., 2002; Koch et al., 2003; Deville et al., 2007; Sofie, 
2007; Deville, 2008; Munch et al., 2009; Rodríguez-Parra et al., 2012). These will be 
described in turn. 
2.5.3.1 The solid ceramic loading  
The solid content is the primary factor that determines the total porosity, pore size and 
the pore connectivity of the final scaffold (Deville et al., 2015). Higher solid loading 
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results in an increased particle-particle interaction. This increased interaction affects the 
viscosity, which in turn plays an important role in determining the microstructural and 
mechanical properties of the material. A higher solid loading will reduce overall porosity, 
reduce the pore size and increase the ceramic wall width. Conversely, lower solid 
loading allows for increased pore connectivity (Deville, 2008; Zuo et al., 2011). There is a 
trade off between the porosity and the mechanical strength that is required for the 
desired application. Lower solid loadings will result in an increase in the dimension of 
the pores and as such the mechanical properties will be affected, despite the porous 
structure being more easily infiltrated with a second phase material. However, there is 
an optimal range of suspension solid loadings (15% to 40%) required to produce a 
porous scaffold that maintains a solid shape and can be a handled safely without 
disintegrating (Fukasawa et al., 2002; Sofie, 2007).  
2.5.3.2 The solvent system  
The solvent plays the role of structuring agent, binder and pore forming agent. The 
precise pattern of pore morphology, freezing temperature, costs, and environmental 
consequences are dependent upon the solvent used during freeze-casting. Three such 
solvents are water, camphene and tert-butyl alcohol (TBA) (Scotti and Dunand, 2018) 
and each leads to the production of different pore structures (Lee et al., 2007; Peko et 
al., 2010; Souza et al., 2014). Water based systems result in lamellar pore structures due 
to the hexagonal growth of the ice crystals developing parallel to the direction of the 
freezing, while camphene based systems show dendritic pore morphologies, and TBA-
based systems have prismatic pores (Yook et al., 2008; Hu et al., 2010). 
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Of particular interest in this study is water, as it is the most popular solvent for freeze-
casting due to its environmental friendliness, low cost, and bio-inertness. In addition, 
water is a polar solvent and as such the surface charge on the particles aid their 
dispersion within the suspension, which improves the overall homogeneity of the 
suspension (Wegst et al., 2010; Scotti and Dunand, 2018). A disadvantage of using water 
as the solvent is that it is more time consuming, relatively more expensive, requires an 
additional freeze-drying process to remove it, and the growth of ice crystals is more 
sensitive to impurities (Deville et al., 2007). The principal disadvantage of using solvents 
other than water, is that they form different crystal structures that are not necessarily 
lamellar and are therefore more difficult to infiltrate with a second polymer phase 
(Deville et al., 2006b). 
2.5.3.3 Polymer additives 
Additives are substances used to control the stability of the particles in the suspension, 
pores characteristics, the freezing behaviour and the strength, both in the green and 
sintered conditions (Deville et al., 2010). The role of the additive depends on the 
interaction and chemical compatibility between the additive, the solvent and the 
ceramic powder. Dispersants and binders are the two most common additives used in 
freeze-casting. Dispersants are usually employed to produce a stable suspension and 
reduce particle aggregation and settling during solidification, reducing heterogeneities 
within the final product and consequent defect formation (Yoon et al., 2007).  
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In the preparation of the alumina suspension, the ceramic powder may aggregate to 
form clumps when added to any suspension medium (Gaudillere and Serra, 2016). This 
results in a suspension with a higher viscosity, which makes processing more difficult 
and reduces the mechanical properties of the material. Therefore, the prevention or 
elimination of agglomeration, and the uniform distribution of the particles within the 
ceramic suspension before the fabrication of the green body, is crucial to the integrity of 
the final porous ceramic scaffold (Fu et al., 2008).  
The dispersants used in freeze-casting are ionic polymers, which once added to the 
solution are absorbed on the surface of the particles (Cesarano et al., 1988; Scotti and 
Dunand, 2018) and therefore their concentration in the ceramic suspension has to be 
well determined (Lu et al., 2006; Zou et al., 2011).  
Additives are used to increase the strength of the ceramic green body and aid control of 
the final pore structure during the freezing (Munch et al., 2009). Gelatine is one such 
additive that is used as a binder during freeze-casting, and previous research has shown 
that its use leads to the production of ceramic structures characterised by a porosity of 
more than 70%, with micro-sized pores, good pore orientation and with a final 
honeycomb-like structure (Figure 2-9) (Fukushima et al., 2008; Fukushima et al., 2010; 




Figure 2-9. The honeycomb pore structure obtained using an aqueous suspension 
containing 5 wt.% gelatine and anisotropic freeze-casting. The direction of cross section 
is perpendicular and parallel to the ice growth direction (Arabi and Zamanian, 2013). 
Polyvinyl alcohol (PVA) and glycerol are the most frequently used additives for freeze-
casting (Scotti and Dunand, 2018). PVA, a water soluble polymer, has been used to 
transform the structure of the scaffold to create small, interconnected lamellar pores 
(Zuo et al., 2008; Peko et al., 2010) as can be seen in Figure 2-10. 
 
Figure 2-10. Effect of PVA as a binder on anisotropic freeze-cast porous alumina 
prepared from aqueous suspensions. Cross sections are taken parallel to the freezing 
direction; dark regions represent pores and the light regions alumina walls. (a). shows 
the microstructure obtained when no binder is added; the pores have lamellar 
morphology and dendritic bridges (red arrows). Microstructures obtained with the 




In a study by Liu et al. (2015), they looked at the effect on the microstructure of using 
PVA as a binder and changing the cooling rate in aqueous suspensions consisting of 25 
vol.% alumina. They found that both affected the microstructure, with PVA decreasing 
the pore size and as such increasing the porosity.  
Glycerol binds to water molecules, reducing the size of the growing ice crystals (Fu et al., 
2008; Rahaman and Fu, 2008; Zhang et al., 2010). Sofie and Dogan (2001) investigated 
the effect of adding glycerol to an aqueous alumina suspension and found that the 
addition of glycerol led to scaffolds with increased density and a more uniform 
microstructure.  
As previously described, of particular interest to the present study is the use of gelatine 
as a binder. Previous studies showed that gelatine addition could result in porous freeze-
cast ceramic scaffolds with excellent mechanical properties and high pore connectivity. 
Increased interconnectivity is often desired as it improves the material’s compressive 
response (Fukushima et al., 2014; Bouville et al., 2014; Fukushima and Yoshizawa, 2015; 
Fukushima et al., 2017). Fukasawa et al. (2001b) used unidirectional freeze-casting and 
gelatine to process a water based alumina ceramic suspension to produce porous 
materials that could be used in filters and catalysts. The resultant porous scaffolds were 
characterised by macroscopically aligned open pores. They concluded that this 
fabrication technique was advantageous in terms of applicability and environmental 
friendliness. In a more recent study by Wu et al. (2018), the effect on the microstructure 
and compressive strength of using different concentrations of gelatine as a binder 
  
54 
showed that as the concentration of gelatine increased, so the pore connectivity 
increased, porosity decreased and compressive strength increased.  
2.5.3.4 Freezing temperature and freezing rate 
The parameter with the greatest effect on the orientation and dimensions of the pores is 
the freezing temperature and the freezing rate (Koch et al., 2003; Deville et al., 2007; 
Munch et al., 2009). Setting the freezing device to a constant temperature over the 
course of an experiment is a key parameter for fabricating materials with predefined 
microstructural characteristics (Scotti and Dunand, 2018).  
A low freezing temperature reduces pore size by increasing the freezing front velocity of 
the suspension. Likewise, when faster cooling rates are applied, pore size is again 
decreased (Fukasawa et al., 2001b; Deville et al., 2006b). Freezing rate can be defined as 
the rate at which the freezing device is cooled down to the final, lowest temperature. 
When the freezing is performed at a constant rate, a porous structure with 
unidirectional channels is obtained (Deville, 2008; Scotti and Dunand, 2018).  
Freezing rates may also affect pore structure. Previous studies have shown that as rates 
increase, a cellular morphology develops (Waschkies et al., 2011; Deville et al., 2007). 
Yoon et al. (2007) demonstrated that through the use of a high freezing temperature 
and low freezing rate, highly porous samples can be produced with enhanced 
compressive strength. In a study by Arabi and Zamanian (2013), they described the use 
of unidirectional freeze-casting to fabricate porous gelatine scaffolds and used different 
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cooling rates of 1, 3, and 6°C/min; the solvent was water. They found that the increase 
in cooling rate resulted in higher compressive strength of the final scaffolds. 
 Application of freeze-casting  
Fabrication of materials with application-specific microstructures is possible via freeze-
casting. Freeze-cast ceramic-based materials have many applications, including: filtration 
membranes (Fukasawa et al., 2001b; Gaudillere et al., 2014) , fuel cell electrodes 
(Mansor et al., 2016), photocatalysis (Xing et al., 2013), pressure sensors (Kuang et al., 
2015) and batteries (de Hazan, 2012).  
However, the most extensively investigated discipline in which the application of freeze-
casting as a technique of material fabrication has been studied is biomaterials. More 
than 44 papers were published between 2000 and 2017 on this subject (Scotti and 
Dunand, 2018). The production of highly porous biomimetic ceramics through the 
utilisation of freeze-casting has been the focus of much research to date. Current 
research has focused on the production of freeze-cast hydroxyapatite scaffolds as bone 
scaffolds and therefore bone substitutes (Landi et al., 2008; Lee et al., 2017; Deville et 
al., 2006b). Freeze-casting has also been used for drug carrier production through the 
use of channel-like structures, which can allow for better dispersion of drugs (Szepes et 
al., 2007; Frohberg et al., 2016) and foodstuffs (Nguyen and Ulrich, 2014).  
Furusawa et al. (2016) conducted a study aimed at making porous hydroxyapatite 
scaffolds coated with gelatine, using freeze-casting, and for use as dental implants. In 
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laboratory tests on rats they found that the scaffolds were characterised by high 
porosity and good compressive strength and were biocompatible. 
In restorative dentistry, freeze-casting has already been used to fabricate materials with 
the potential for use as dental restoratives. Petrini et al. (2013) produced a biomimetic 
composite material characterised by an anisotropic structure resembling that of human 
dentine. The composite material consisted of a porous lamellar alumina preform with 
graded porosity, produced by freezing alumina aqueous suspension using the freeze-
casting technique. A vacuum impregnation system was then used to infiltrate the 
preforms with an epoxy resin, resulting in an interpenetrating composite material. The 
authors suggested that the advantages of this composite could be minimally invasive 
tooth preparation and the possibility of in vivo repair. The authors reported that the 
strength of the material was comparable to that of dentine. They concluded that freeze-
casting offers a viable route for the fabrication of biomimetic complex composite 
materials through the control of microstructural and mechanical properties, which could 
potentially be useful in the production of dental restorations.  
More recently, Noguchi et al. (2014) produced porous hydroxyapatite scaffolds with a 
unidirectional and interconnected pore structure, and an average porosity of 75%, using 
a freeze-casting technique. The authors implanted the porous scaffold into dogs for 1, 2 
and 3 years and found it to be suitable to promote bone growth. They concluded that 
freeze-casting is a promising technique for the fabrication of porous ceramic scaffolds 
that can mimic bone tissues. 
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 Creation of interpenetrating ceramic/polymer orthodontic brackets 
So far, the advantages and disadvantages of aesthetic orthodontic brackets have been 
described, along with manufacturer’s attempts to try to maintain the desirable 
properties, while eliminating the undesirable properties. A potential novel method to 
achieve this is to create a true interpenetrating polymer/ceramic composite bracket. The 
ideal aesthetic orthodontic bracket should satisfy both mechanics and aesthetics. It 
should have a largely ceramic body and largely polymeric base, so that it is strong 
enough to withstand the oral environment and transfer the applied stresses during 
orthodontic treatment, maintain a good appearance/colour and be easy to remove at 
the completion of treatment, with little risk to the enamel surface. Previous attempts at 
producing hybrid ceramic polymeric brackets have led to poor clinical performance as a 
result of the lack of intimate contact of the two phases throughout the body of the 
bracket, leading instead to premature delamination at the single ceramic/polymer 
interface (Olsen et al., 1997; Elekdag-Turk et al., 2009).  
More recently, Alrejaye et al. (2016) fabricated orthodontic brackets by milling aesthetic 
restorative CAD/CAM ceramic composite blocks, including Paradigm MZ100 (3M ESPE, 
USA), Lava Ultimate (3M ESPE, USA), Mark II (VITA Zahnfabrik, Germany) and In-Ceram 
(VITA Zahnfabrik, Germany). They found that the torsional strength of Paradigm and 
Lava Ultimate brackets was comparable to commercially available alumina ceramic 
brackets. Their results show the potential of using interpenetrating phase composite 
materials as an orthodontic bracket in vitro.  
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Freeze-casting is a promising technique that has been used to produce porous ceramic 
scaffolds characterised by a gradient structure, with open porosity. This means they can 
then be infiltrated with a more flexible second phase material to produce a biomimetic 
composite. In this way it might be possible to create an orthodontic bracket 
characterised by a mainly ceramic outer structure, with good aesthetic properties, good 
abrasion resistance, good resistance to creep, but with a relatively lower hardness 
polymer inner phase to aid in facilitating safer bonding and debonding. 
2.6 Aims and Objectives 
This study aims to produce novel biomimetic interpenetrating ceramic/polymer 
composites, using the technique of freeze-casting, with mechanical properties that 
would make them suitable for use as potential aesthetic orthodontic bracket materials. 
Unlike previous studies, this work focuses on the development of an interpenetrating 
phase composite consisting of graded alumina freeze-cast preforms with a honeycomb-
like microstructure, by using a combination of gelatine and freeze-casting to replicate 
the graded structure found in natural teeth. The specific objectives are:  
• To produce and optimise graded porous ceramic scaffolds suitable for use as a 
preform for interpenetrating composite materials that could be used as an 
orthodontic bracket material using the technique of freeze-casting.  
• To produce biomimetic interpenetrating ceramic/polymer composites using either 
vacuum infiltration or heat/pressure infiltration.  
• To characterise the biomimetic interpenetrating ceramic/polymer composites using 
compressive strength, flexural strength, modulus of elasticity, fracture toughness, 
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hardness and wear resistance testing, along with microstructural assessment using 
SEM and MicroCT.  
• To investigate the effect of different processing parameters, such as initial solid 
ceramic loadings on the final structure and properties of the biomimetic 
ceramic/polymer interpenetrating phase composite material.  
• To ultimately produce a biomimetic composite material with mechanical properties 







Chapter 3. Materials and methods 
3.1 Preparation of the porous ceramic scaffolds 
 Preparation of the ceramic suspensions  
The ceramic suspension, a colloidal suspension of solid particles in a liquid, comprises 
mainly aluminium oxide powder (alumina) dissolved in water along with a specific 
volume of additives (dispersant and binder). The quantity of alumina, water and 
additives within the formulation was initially based on the specification within the 
freeze-casting patent by Jones and Todhunter (2010). The amount of any additive used 
in the present study is expressed in relation to the dry weight of the alumina powder.  
All the suspensions were prepared at room temperature and pressure. Suspensions with 
different initial solid ceramic loadings (10, 15, 20, 25, 30 and 35 vol.%) were prepared for 
freeze-casting using alumina powder (CT3000, Almatis AC, Inc. Germany) with an 
average particle size of 0.6 µm. In order to produce the ceramic suspension in each 
experiment, 40 g of alumina powder was dispersed in deionised water using an anionic 
dispersant (DOLAPIX CE 64, Zschimmer and Schwarz GmbH KG Chemische Fabriken, 
Lahnstein, Germany) at a ratio of 0.6 wt.%. Once prepared the ceramic suspensions 
were ball milled in 500 ml polyethylene bottles, using zirconia balls (with diameters of 5 
and 10 mm) with a total weight of 300 g, in a roller mixer ball milling machine (SRT6, 
Stuart, UK) at a speed of 400 rpm. This was completed overnight, in order to break down 
any agglomerations and achieve a homogenous dispersion in each case. 
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 Preparation of the gelatine/ceramic suspensions  
Gelatine powder (Type A, G2500, Sigma-Aldrich, St. Louis, USA) was used as a binder to 
increase the strength of green ceramic scaffolds. The gelatine concentration used in the 
present study to fabricate the porous ceramic scaffolds was constant (2.5 wt.%). The 
gelatine solution used in each experiment was made of gelatine powder added 
incrementally to 5 ml of deionised water. The resulting solution was then heated to 55°C 
in a 200 ml glass beaker on a hot plate using a magnetic stirrer (Fisher Scientific, UK) 
until a clear homogenous solution was obtained.  
This solution was then added to the ceramic suspension, which also contained Octanol 
(Fisher Scientific, UK). Octanol is a de-gassing agent and had been previously added to 
the ceramic suspension at a ratio of 0.1 wt.% of the dry alumina powder weight, in order 
to prevent any bubble formation. This is because bubbles can result in the formation of 
closed pores in the final porous scaffold, which can act as areas of weakness. The 
gelatine/alumina suspension was then ball milled in a roller mixer machine (Stuart SRT6, 
six-rollers, UK) at a very low speed of 25 rpm/min, while being heated to 50°C in a 
temperature controlled programmable oven (Eurotherm, Thermo Scientific, UK) for 4 
hrs. The volume of deionised water varied depending on the desired solid ceramic 

















10 84.76 5 0.24 
15 51.43  5  0.24 
20 34.76  5  0.24 
25 24.76  5  0.24 
30 18.09 5  0.24 
35 13.33  5  0.24 
Table 3-1. Recipes used for the preparation of the different solid ceramic loadings of the 
aqueous ceramic suspension prior to freeze-casting. 
Finally, the bubble-free colloidal suspension was poured into a 100 mm diameter mould 
comprising a stainless-steel base and an acrylic jacket. This mould measured 70 mm in 
height, 20 mm in thickness and 60 mm in inner diameter. The mould was pre-greased at 
the margins using Vaseline grease (Unilever, UK) to prevent any leakage and the ceramic 
suspension was poured in to a standardised height of 20 mm. Once poured into its 
mould, each suspension was held at rest at room temperature overnight to form a stable 







Figure 3-1. Flow chart illustration of the aqueous alumina/gelatine suspension preparation 
technique. 




Ball milling (overnight) 
Left at room temperature overnight 
Ball milling (4 hrs) in an oven (55°C) at 25 rpm speed 
Poured into a mould 
Gelatine solution added to the ceramic suspension+ 0.1% Octanol 
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In the second part of the experiment, investigating gelatine as a binder, the initial solid 
ceramic loading was kept constant, at 10 vol.% and the gelatine concentrations were 
altered. Gelatine was used in concentrations by weight of 2.5%, 3.75%, 5%, 7.5% and 
10%. 
 Freeze-casting procedures 
Freeze-casting was carried out in a custom-built freeze-casting machine (Figure 3-2) as 
previously described (Preiss et al., 2012). The freezing apparatus used for the 
unidirectional freeze-casting in this experiment comprised a double-sided cooling 
system. The mould containing the ceramic suspension was placed onto the lower copper 
rod of the freeze-casting machine and the upper copper rod was lowered into the mould 
so that it was positioned just above the ceramic suspension, without touching it. The 
bottom rod was cooled using a lab immersion cooler (Polyscience, USA) at a controlled 
rate of 1°C/min whilst the temperature of the top rod was maintained at a constant 




Figure 3-2. Custom-made double-sided device used for unidirectional freeze-casting. 
Solidification took place from the bottom to the top rod with a temperature gradient 
from -10°C up to +20°C. This was controlled using band heaters (MI, 400W, Watlow, 
USA) and thermocouples attached to the copper rods (TPC-2000 type J, Tempco, USA). 
The mould was covered with aluminium foil so that the ceramic suspension was 
appropriately isolated from the room temperature changes. 
Before placing the specimen on the copper rod to start the freezing process, the 
portable temperature control console was turned on for 20 mins and the programme 
allowed to run in order to reduce the temperature to -10°C. Silicon grease (Rocol, RS, 
Taiwan) was used to facilitate the removal of the mould from the freeze-cast machine. 
The freeze-casting process utilises the principle of directional solidification of 
suspensions. The temperature gradient used allows ice crystals to grow unidirectionally 
along the temperature gradient, as can be seen in Figure 3-3. As the suspension 
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continues to freeze the ice crystals grow from the coldest to the least cold surface, 
forcing the ceramic particles together to create a continuous ceramic framework. 
 
Figure 3-3. Schematic illustration showing the principle of freeze-casting, with the 
growing ice crystals compressing the ceramic particles to form a porous scaffold. 
 Freeze-drying procedures 
Following freeze-casting, the mould containing the freeze-cast sample was carefully and 
quickly transferred to the vacuum freeze-drier (Edwards Modulyo, XDS 10, Crawley, UK). 
The freeze-drier had been turned on for at least 30 mins previously, in order to reach the 
desired temperature prior to the placement of the sample. Freeze-drying then took 
place at a pressure of 10-1 mbar and a temperature of -55°C for 48 hrs, following which 
the vacuum was released and the mould containing the frozen specimen was removed 
from the machine. Finally, the specimen was removed from the mould using a custom-




 Sintering  
Sintering was performed in two steps using a laboratory chamber furnace (Eurotherm 
2416 temperature controlled programmer, Elite Thermal System Ltd, UK). In order to 
burn out the binder, the specimens were initially heated to 450°C at a rate of 60°C/hr. 
They were then left to dwell at this temperature for 2 hrs followed by further heating at 
a rate of 600°C/hr up to 1600°C, and again dwelled for 2 hrs. Cooling down took place 
with the specimen in the furnace, turned off, overnight. The whole sintering process 
took approximately 24 hrs to complete. A schematic of the microstructural changes from 
freeze-casting, to final sintering, is illustrated in Figure 3-4 and a typical final sintered 
specimen in Figure 3-5.  
 
Figure 3-4. Schematic illustration of microstructural evolution of ice in freeze-casting (a), 




Figure 3-5. Typical sintered specimens (at 1600°C, 2 hrs) obtained from initial solid 
ceramic loading suspension of 30 vol.% through directional freeze-casting. 
3.2 Polymer Infiltration 
In the present study, 3 types of polymers were used to infiltrate the ceramic scaffolds 
namely: epoxy, UDMA-TEGDMA and polycarbonate (PC). Epoxy was used for 
microstructural evaluation of the porous ceramic scaffold, while UDMA-TEGDMA and PC 
were used to investigate the microstructural, physical, mechanical and surface 
properties of the biomimetic ceramic/polymer interpenetrating phase composite 
materials.  
 Epoxy polymer infiltration 
In order to evaluate the microstructure of the porous ceramic scaffolds, the specimens 
were infiltrated with epoxy polymer. Infiltration was performed using a self-contained 
vacuum machine (Bueheler Cast n’Vac, USA). The epoxy was mixed in a ratio of 1-part 
curing agent (2-methyl-1, 5-pentamethylendiamine, Rotherham, UK) to 7-parts base 
monomer (Bisphenol-A-epichlohydrin, molecular weight: 700, Rotherham, UK) using a 
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wooden spatula for 5 mins. Two drops of methylene blue dye were then added to 
facilitate better imaging contrast and also mixed in for 1 min. The ceramic scaffold was 
then placed in the Cast n’Vac machine, at a vacuum pressure of 4 x 10-1 psi for 15 mins, 
following which the machine was turned off and the epoxy monomer was allowed to 
infiltrate the specimen. Once the epoxy fully covered the ceramic scaffold, the vacuum 
was released, and the specimen was maintained at room temperature overnight in order 
to fully cure the material. 
 UDMA-TEGDMA polymer infiltration 
3.2.2.1 Chemical treatment with silane coupling agent 
For the UDMA-TEGDMA infiltrated ceramic scaffolds, it was decided to treat the samples 
with a silane to improve interpenetration of the polymer into the ceramic scaffold, as 
suggested by (Nguyen et al., 2014). The silane solution was prepared by mixing 1 ml of 3-
Methacryloxyproply-trimethoxysilane (Sigma Aldrich, UK), 93.8 ml of 1-methoxy-2-
propanol (Sigma Aldrich, UK), 5 ml of deionised water and 0.2 ml of acetic acid (Sigma 
Aldrich, UK). The pH of the final solution was adjusted to 4 using acetic acid and 
measured by pH meter (Mettler Toledo, Keison International Ltd, UK) to allow silane 
hydrolysation. This was then stirred for 1 hr in a 200 ml glass beaker with a magnetic 
stirring machine (Fisher Scientific, UK) and a magnetic flea.  
After cooling, the sintered porous ceramic scaffolds were immersed in this silane 
solution in a small plastic container, ensuring that it was fully submerged. The beaker 
was then covered with a plastic sheet overnight. Finally, the ceramic scaffold was 
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removed from the silane solution and dried at 140°C for 6 hrs in an oven (Heratherm, 
temperature controlled programmer, ThermoScientific, UK). 
3.2.2.2 Polymer infiltration 
As with epoxy polymer infiltration described earlier, a self-contained vacuum machine 
(Bueheler Cast n’Vac, USA) was used to backfill the ceramic scaffold with UDMA-
TEGDMA monomers. The monomer used in this part of the study was prepared by 
adding 49.5 g of UDMA (Molecular weight: 470.56 g/mol, Density: 1.11 g/ml, Sigma-
Aldrich, UK) to 49.5 g of TEGDMA (Molecular weight: 286.32 g/mol, Density: 1.09 g/ml, 
Sigma-Aldrich, UK). This was initially mixed in a glass beaker using a wooden spatula for 
5 mins and then on a magnetic stirrer (Fisher Scientific, UK) using a magnetic flea for 1 
hr. Luperox Benzoyl peroxide (Molecular weight: 242.23, Sigma-Aldrich, UK), used as a 
heat initiator, was then added to the mixture in the weight of 1 g. This was followed by 
further stirring at room temperature until a clear homogeneous solution was obtained. 
Infiltration of the ceramic scaffold was then carried out in the same manner using the 
vacuum casting machine as was described for the epoxy specimens.  
Finally, the ceramic/monomer specimens were placed in an oven (Heratherm, 
temperature controlled programmer, ThermoScientific, UK) to cure, initially at 50°C for 1 
hr, followed by 60°C for 1 hr, 70°C for 1 hr, 80°C for 1 hr and finally 90°C for 12 hrs to 
allow complete polymerisation. Figure 3-6 shows the steps used to initially fabricate the 
porous ceramic preform followed by the steps to create the ceramic/polymer (UDMA-




Figure 3-6. Diagram showing the steps for Al₂O₃-UDMA-TEGDMA composite materials 
fabrication. 
 
 PC polymer infiltration 
Polycarbonate (Density: 1.20 g/cm³, Good Fellow, UK) is a thermoplastic polymer that 
becomes less viscous at higher temperatures. Using this property two different 
infiltration methods were tested, namely loading using a tablet dye-presser machine and 
loading using a series of weights. In all cases the weight of the PC polymer utilised was 
equal to the weight of the porous ceramic preform for each specimen, and polymer 
infiltration was tested at 5 different experimental temperatures, namely 200, 225, 250, 
Porous ceramic scaffold 
Preparation of aqueous ceramic suspensions  
Freezing of aqueous ceramic suspensions  
Freeze-drying 
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270 and 300°C. Figure 3-7 shows the steps used to initially fabricate the porous ceramic 











Figure 3-7. Diagram showing the steps for Al₂O₃-PC composite materials fabrication. 
In the case of the first method, using the tablet dye-presser machine (PerkinElmer, 
Germany) (Figure 3-8), the porous ceramic preform was placed into a stainless-steel 
cylindrical mould with an inner diameter of 38 mm and covered with PC polymer. This 
was then placed into the pressing machine and using a single channel temperature 
controller device (WK-1, MTI CO, USA), the specimen was heated to the desired 
temperature (200, 225, 250, 270 or 300°C) before being subjected to one of 2 loads 
Porous ceramic scaffold 
Preparation of aqueous ceramic suspensions  
Freezing of aqueous ceramic suspensions  
Freeze-drying 
Sintering 
Moulding the porous scaffold and polycarbonate 
Heat application  
Pressure application  
Ceramic/polymer interpenetrating phase composite 
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namely 1000 or 2000 N. The heating element was then turned off and the mould 
allowed to cool to room temperature under pressure overnight.  
 
Figure 3-8. Dye-presser machine with a 38 mm diameter stainless-steel cylindrical mould 
and temperature controller used to fabricate Al₂O₃-PC interpenetrating phase composite 
materials.  
In the second infiltration method, loading was achieved using stainless-steel cylindrical 
weights (Figure 3-9). The loads applied ranged from 100 to 400 N in 50 N increments. 
The specimens were placed into an oven (Heratherm, Thermo Scientific, UK) for 2 hrs at 
250°C and then loaded for a further 2 hrs at 250°C. The specimen in its mould was then 




Figure 3-9. Stainless-steel cylindrical mould with Al₂O₃-PC composite specimen and 
weights on the top used to fabricate ceramic/polymer interpenetrating phase composite 
materials. 
3.3 Preparation of the raw ceramic and polymer blocks 
 Dense alumina  
Alumina powder (CT 3000, Almatis, USA), 2 wt.% Poly-Vinyl Alcohol used as a binder 
(hydrolysed 87-90%, molecular weight: 30,000 to 70,000 g/mol, Sigma–Aldrich, UK) and 
2 wt.% Ethanol (⩾99.8%, Honeywell, UK) used as a solvent, were mixed by hand for 30 
mins until a fluffy homogenous suspension was produced. The suspension was then 
placed in a 38 mm cylindrical stainless-steel mould before being pressed in a tablet dye-
presser (PerkinElmer, Germany) with a load of 98066.5 N for 1 hr. The resultant green 
dense ceramic specimen was then carefully removed from the mould and transferred to 
a chamber furnace (temperature controlled programmer, Elite Thermal System Ltd, UK) 
for sintering. It was sintered from the room temperature to 450°C at a rate of 1°C/min, 
allowed to dwell at this temperature for 2 hrs before the temperature was then 
increased at a rate of 10°C/min up to 1600°C/min. Once again, this temperature was 
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maintained for a further 2 hrs before the furnace was the turned off and the specimen 
left to cool to room temperature overnight.  
 UDMA-TEGDMA  
To prepare the pure UDMA-TEGDMA polymer blocks for testing, 49.5 ml of UDMA 
(Molecular weight: 470.56 g/mol, Density: 1.11 g/ml, Sigma-Aldrich, UK) and 49.5 ml of 
TEGDMA (Molecular weight: 286.32 g/mol, Density: 1.09 g/ml, Sigma-Aldrich, UK) were 
mixed using a wooden spatula for 5 mins and then stirred until the clear homogeneous 
mixture was seen. 1 ml of Luperox Benzoyl peroxide (Molecular weight: 242.23, Sigma-
Aldrich, UK) was then added, as a heat initiator, and dissolved in the monomer mixture 
by stirring using a magnetic stirring (Fisher Scientific, UK) and a magnetic flea for 1 hr at 
room temperature. The mixture was then transferred to a 60 ml clear plastic container 
and placed in an oven (Heratherm, temperature controlled programmer, 
ThermoScientific, UK) and cured at 50°C for 1 hr, followed by 60°C for 1 hr, 70°C for 1 hr, 
80°C for 1 hr and 90°C for 12 hrs to allow complete polymerisation. 
 Polycarbonate 
Polycarbonate films (GoodFellow, UK) were placed into a stainless-steel cylindrical 
mould with an inner diameter of 38 mm and then transferred to tablet dye-presser 
(PerkinElmer, Germany). A single channel temperature controller device (WK-1, MTI CO, 
USA) was then used to heat the specimen to 200°C using a single channel temperature 
controller (WK-1, MTI CO, USA) for 1 hr. A load of 98066.5 N was then applied to the 
mould and maintained for a further hour. Once the pressure reached the desired level, 
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the heating element was turned off and the specimens removed and allowed to cool to 
room temperature.  
The pure UDMA-TEGDMA, Polycarbonate and dense alumina blocks were then cut and 
polished ready for the physical, mechanical and surface characterisation experiments.  
3.4 Preparation of the ceramic/polymer interpenetrating phase composites, ceramic 
and polymer specimens  
 Cutting the samples 
Using an Accutom-50 (Stuers, Denmark) cutting and polishing machine, each of the 
ceramic/polymer interpenetrating phase composites, polymer and dense ceramic 
samples were cut into the relevant sizes according to the test to be performed. In 
addition, 3 mm of the ceramic rich layer close to the bottom cooling plate of each half 
was removed as it consisted of randomly packed ceramic particles and closed pores. 
During the freeze-cast process, it is to be expected that different layers of each 
specimen will possess different ceramic fractions and porosities as a result of the 
temperate gradient.  
To determine the microstructural and mechanical properties of the ceramic/polymer 
interpenetrating phase composite specimens in this gradient manner, specimens of the 
Al₂O₃-UDMA-TEGDMA composites were sectioned at three different levels. The first 
level represented the bottom layer next to the cooling plate (ceramic-rich). The second 
level or middle level was cut 4 mm above the bottom layer and the third or top level 
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(polymer-rich) was again cut 4 mm above the middle layer. Each specimen was therefore 
divided into three separate specimens from top to bottom in order to evaluate the 
effect of the anisotropy in the ceramic/polymer interpenetrating phase composite 
material. The tests and respective sample sizes are shown in Table 3-2. 
Test Dimensions (mm) 
Fraction 4 x 4 x 8 
Density 4 x 4 x 8 
Compression 4 x 4 x 2 
Flexural 1.8 x 4 x 18 
Fracture toughness 4 x 8 x 32 
Hardness 4 x 10 x 12 
Abrasivity 4 x 6 x 6 
MicroCT 5 × 5 x various heights 
Table 3-2. Different sample sizes prepared for each relevant test. 
 Polishing the samples 
The second stage of specimen preparation was grinding and polishing to remove 
damaged material at the specimen surface and to produce a plane surface. Grinding and 
polishing were carried out using a grinding machine (Tegra Pol 15, Struers, UK) with SiC 
papers (Struers, Denmark) ranging from p500, p1200 to p2400 under water cooling at a 
speed of 40 rpm, for 1 min.  
Manual polishing was also utilised (using the grinding machine, but with the manual-
setting option) under water cooling when the specimen size was not suitable for 
machine polishing. All polishing procedures were carried out by the same researcher. 
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Final polishing took place using Al₂O₃ polishing paste (3 µm, Lagro 3, Dia Pro, Struers, 
Denmark) and the same grinding machine. The final step in specimen preparation was 
sonication in a digital ultrasonic water bath (Grant Scientific, UK). The specimens were 
placed in a glass beaker and fully immersed with deionised water, and then placed in the 
bath for 30 mins at a temperature of 40°C. This step was crucial to remove any 
remaining debris after cutting and polishing that could result in pore blockage. 
 Preparation of the human enamel specimens 
Six extracted human third molars were used to produce enamel specimens in the 
present study. The tooth samples were sourced from an ethically approved tooth tissue 
bank (REC REF 16/NI/0192) held under HTA licence 12200, project reference: 75. The 
teeth were inspected for imperfections on the surface. Teeth with cracks, caries, 
discoloration or loss of hard tissue were excluded. When not being prepared the teeth 
were stored in 0.7% sodium chloride (NaCl) solution containing 0.1% thymol. For cutting, 
each tooth was attached to a metal holder using sticky wax as shown in Figure 3-10. 
 
Figure 3-10. Tooth fixed to holder by wax prior to cutting. 
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The teeth were initially sectioned using an Accutom-50 water cooled high speed 
diamond saw (Struers, Denmark and MicroSlice; Metal Research, Cambridge, UK) to 
separate the crown from the root as illustrated in Figure 3-11. Following this the pulp 
chamber was removed from the crown of the tooth using a high speed rotatory hand air 
motor (NSK, Japan) as can be seen in Figure 3-12. Enamel specimens were prepared for 
surface hardness and abrasivity tests. All the enamel specimens were cut to the 
dimensions of 2 x 3 x 2 mm.  
 
Figure 3-11. Tooth during the cutting procedures.  
 
Figure 3-12. Tooth after cutting. A. Crown and root separated. B. The tooth pulp 
removed. C. The tooth crown fixed to holder by wax after specimen was cut. 
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Each enamel block was then mounted in epoxy resin (Stycast; Hitek Electronic Materials, 
Scunthorpe, UK) in a mould as illustrated in Figure 3-13 and left to set overnight.  
 
Figure 3-13. The final enamel specimens prepared, polished and set in epoxy resin. 
Specimens were marked with a spot for orientation during testing.  
These specimens were then polished using a polishing machine (Struers, UK) with SiC 
discs: p1200 (Struers, UK) applied and finished by final hand polishing with Al₂O₃ powder 
(0.3 µm) as a suspension in deionised water on a glass slab to achieve a smooth flat 
surface. They were then ultrasonicated in deionised water between each polishing stage 
to remove any debris.  
3.5 Microstructural characterisation 
For qualitative evaluation of the microstructure, the cross sections perpendicular and 
parallel to the ice growth direction were observed using different imaging techniques.  
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 Optical microscope 
An optical microscope (Leica DMLB, USA) was used to characterise the specimens at x 40 
magnification and images were viewed directly using the eyepiece and indirectly using 
the monitor screen. The images were captured using a digital camera (Olympus, Japan) 
coupled with the microscope. An external light source (Schott LED, KL1600, UK) was 
used to aid in the visualisation, and further analysis of the images was then performed 
using ImageJ image-analysis software (Fiji, Japan).  
 Scanning electron microscope 
Backscatter SEM images were obtained using SEM (FEI Quanta 400, USA). In each case 
the specimens were coated prior to imaging with gold palladium using a sputter coater 
(Emitech K575X, Quorum Technology Ltd, UK).  
 Micro computerised tomography 
Specimens were scanned using a MicroCT scanner (Nikon XTH225, Tungsten target, 225 
reflection head, Japan) at 120 kV, with a current of 300 µA and an exposure rate of 1.4 
µm/sec with no filter. VGstudio software (VGstudio MAX 3.1, Japan) was used to 
produce 3D models of the scaffolds from the 2D images obtained by the MicroCT.  
Rendered 3D images were subsequently obtained using Avizo Standard (version. 8.1, 
Thermo Fisher Scientific, UK) and Simpleware (Simpleware software, USA). The spatial 
resolutions utilised in the present study were different for each specimen due to 
different imaging results required: for the 20 vol.% Al₂O₃-PC, spatial resolution was 4 
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µm, for the 20 vol.% Al₂O₃-UDMA-TEGDMA and 30 vol.% Al₂O₃-PC, spatial resolution was 
6 µm and for the 30 vol.% Al₂O₃-UDMA-TEGDMA, spatial resolution was 13 µm. 
3.6 Physical characterisation 
 Density and porosity measurements 
The densities of the porous ceramics, ceramic/polymer interpenetrating phase 
composites, dense alumina and pure polymers were obtained using the Archimedes’ 
method according to ASTM standard C373−16, USA (2016). Six specimens were 
investigated from each experimental material. For the ceramic/polymer interpenetrating 
phase composites material, six initial solid ceramic loadings (10, 15, 20, 25, 30, and 35 
vol.%), a fixed gelatine concentration (2.5 wt.%), a fixed freezing temperature gradient 
(bottom rod: -10°C to top rod: +20°C) and freezing rate (1°C/min) were evaluated to 
examine the effect of alumina solid loading.   
The dry weight of the specimen was determined at the beginning by heating the 
specimens in an oven (Heratherm, temperature controlled programmer, Thermo 
Scientific, UK) at 150°C for a minimum of 24 hrs, followed by cooling in a vacuum 
desiccator with silica gel. Then the dry weight was determined using a balance (TE 
1502S, Sartorius, Germany). To determine the suspended and the wet weight, the 
specimens were then boiled for 5 hrs ± 5 mins and allowed to continue to soak in the 
same deionised water for an additional 24 hrs ± 30 mins. Using a density kit (YDK 01, 
Sartorius, Germany) the suspended weight of the specimens was measured in water. To 
measure the suspended weight, the specimen was fully submerged in deionised water in 
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a stainless-steel container with the mass ratio of water to test specimens being at least 
3:1. Weighing was then performed by placing the specimen in a wire loop that was 
suspended from one arm of the balance (TE 1502S, Sartorius, Germany). After the 
determination of the suspended mass, each specimen was lightly blotted with a damp 
leather chamois to remove all visible water droplets from the surface and the wet 
weight measured. Once all the measurements had been obtained, the following 
formulae were used to calculate the density, and the total porosity.  
The density of the specimen was calculated using the following equation: 
 
The density of the deionised water was determined from the measurement of the water 
temperature and assuming the density of air was 0.0012 g/cm3. 
 The porosity of the specimen was calculated using following equation: 
  
 Porosity measurement 
The porosity values were obtained for specimens with a constant initial solid ceramic 
loading (10 vol.%), at gelatine concentrations of 2.5, 3.75, 5, 7.5, and 10 wt.%, a fixed 
freezing temperature (bottom rod: -10°C to top rod: +20°C) and freezing rate (1°C/min) 
Density =  
Dry weight x (Density of deionised water- Density of air) 
Wet weight-Suspended weight  
Porosity =  
Wet weight - Dry weight 
Wet weight - Suspended weight  
X 100%  
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by image analysis using ImageJ (Fiji, Japan) image analysis software. The analysis was 
based on image specific contrast/brightness adjustments and the specimens were 
analysed at cross sections perpendicular to the direction of freezing at 4 mm intervals up 
to 20 mm, progressing from the ceramic rich layer to the most porous layer. For each 
specimen 5 images were captured using light microscopy from 5 different locations. The 
results were then collated and an average reading for porosity was determined.  
 Volumetric shrinkage 
In order to determine the shrinkage as a result of sintering, the diameter of each 
specimen was measured before and after sintering using a laboratory digital calliper 
(Mitotoyo, UK). Six specimens for each initial solid ceramic loading (10, 15, 20, 25, 30, 
and 35 vol.%) with 2.5 wt.% gelatine concentration, a freezing temperature of -10°C to 
+20°C and a freezing rate of 1°C/min were used in this experiment. Measurements were 
performed immediately after freeze-drying at room temperature and then immediately 
after sintering. The following formula was used to calculate shrinkage: 
 
 Ceramic fraction measurements 
The ceramic fractions of the ceramic/polymer interpenetrating phase composites were 
determined by weighing each specimen and then heating them in an oven (Elite Thermal 
Systems Ltd., UK) to a temperature of 600°C at a rate of 1°C/min in order to ensure 
Shrinkage=  Diameter before sintering - Diameter after sintering 
Diameter before sintering 
  X 100%  
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complete removal of the organic polymer phase. Once cooled to room temperature over 
24 hrs, the specimens were then reweighed and the weight fractions determined. The 
volume fractions could then be calculated from the specific densities of the principal 
constituents. To determine the volume fraction of the specimen the initial component 
densities, as provided by the manufacturer, were used. The alumina density was 3.90 
g/cm³, PC was 1.20 g/cm³ and the UDMA-TEGDMA mixture was 1.11 g/ml.  
3.7 Mechanical characterisation 
 Compression testing 
Six rectangular specimens of each material were tested to failure using a universal 
testing machine (Zwick Roell Z020, Ulm, Germany) and preloaded software (TestExpert II 
V3.1). The compression force was directed along the long axis of the specimens and in 
the same direction as the freeze-casting, with the polymer rich surface at the top and 
the ceramic rich surface at the bottom. Before starting the test, all the specimens were 
placed in the centre of the plates of the universal testing machine (Figure 3-14). The 
mechanical compression properties were determined according to the EN ISO 604:2003 




Figure 3-14. Zwick Roell Z020 test machine used for mechanical testing procedures. 
All specimens were tested to failure. While the ceramic/polymer interpenetrating phase 
composite specimens seemed to maintain their shape and character, the dense ceramic 
specimens demonstrated sudden and catastrophic failure. 
The compressive strength was calculated by using the following formula:  
 
 Flexural strength and modulus of elasticity 
A three-point bend test was used to determine the flexural strength. Rectangular 
specimens were chamfered and polished according to British Standard, BS EN ISO 6872, 
(2008). Testing was again performed using a Zwick Roell (Z020, Ulm, Germany) universal 
testing machine, with a cross head speed of 0.5 mm/min. Specimens were tested to 
failure and then examined carefully to ensure failure had indeed taken place. This is 
Force 
Cross sectional area 
Compressive strength =  
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because the ceramic/polymer interpenetrating phase composite specimens often did 
not appear to fracture catastrophically. Flexural strength was calculated according to the 
formula: 
 
The modulus of elasticity was determined from the three-point bend test results using 
the formula: 
 
 Testing in 2 planes with respect to the freezing direction 
For the ceramic/polymer (UDMA-TEGDMA) interpenetrating phase composite 
specimens, the three-point bend test was the test of choice for testing in 2 planes. For 
ceramic/polymer (PC) interpenetrating phase composite specimens, the compression 
test was the test of choice as it was not possible to obtain specimens of sufficient length 
(18 mm) due to the different infiltration technique.  
The ceramic/polymer interpenetrating phase composite specimens were divided into 2 
groups. In one group the force was directed parallel to the direction of freeze-casting 
and in the second group the force was applied perpendicular to the direction of freeze-
casting (Figure 3-15). 
3 x Force × Length 
2 × Width × Thickness2  
Flexural strength =  
Force × Length³ 
4 × Deflection x Width × Thickness³ 
Modulus of elasticity =  
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Figure 3-15. Schematic illustration of mechanical three-point bend test on the 
ceramic/polymer (UDMA-TEGDMA) interpenetrating phase composite specimens 
showing the direction of the test force in relation to the freezing direction: A. parallel 
and B. perpendicular. The white arrows indicate the freezing direction and the black 
arrows indicate the force direction.  
 Fracture toughness 
Fracture toughness was determined for 4 of the ceramic/polymer interpenetrating 
phase composite materials, namely: ceramic/polymer (UDMA-TEGDMA) 
interpenetrating phase composite with initial solid ceramic loading of 30 and 35 vol.%, 
and ceramic/polymer (PC) interpenetrating phase composite with initial solid ceramic 
loading of 20 and 30 vol.%. For each specimen, a notch was prepared using a high speed 
cutting machine (Accutom-50, Struers, UK) according to the standards for a single-edge-
notched beam, ASTM 1820.15.A,USA (2011). The notch depth was 3.9 mm and it was 
placed midway along the long axis of the specimen into the 8 mm length. A razor blade 
and diamond polishing paste (3 µm paste, Struers, Denmark) were then used to sharpen 
the notch and extend it an additional 200 to 350 µm. The final length of the notch was 




specimens were then tested to failure using a universal three-point bend test machine 
(Shimadzu-Tce-N300, Japan) with a support span of 32 mm and at a cross head speed of 
1 mm/min (Figure 3-16). 
 
Figure 3-16. Universal testing machine with video system used for fracture toughness 
testing procedures.  
As part of the test procedure the DIC system, computer-controlled video system 
(NAVITAR, Japan) and video gauge (Imetrum Ltd, UK) were used to record the fracture 
path as can be seen in Figure 3-17.  
 
Figure 3-17. A ceramic/polymer interpenetrating phase composite specimen at the end 
of the fracture toughness testing procedure. 
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The following equation was used to calculate the fracture toughness for each specimen:  
 
In which f(a/W) is the geometrical factor which can be calculated using the following 
equation: 
f(α/W) = 3 (α/W)½ x (1.99-(a/W) x (1-a/W) x (2.15-3.93 (a/W) + 2.7 (a/W)2))/2 (1+2a/W) 
(1-a/W)3/2   
In which W is the width of the beam, and a is the length of the notch. 
3.8 Characterisation of the surface properties 
 Vickers hardness 
Vickers hardness tests were performed at a constant load with a calibrated Vickers 
indenter in a micro-based indentation system (Duramin Ver 0.08, Struers, UK). 
Rectangular specimens were cut and polished from ceramic/polymer (UDMA-TEGDMA) 
interpenetrating phase composite with initial solid ceramic loadings of 30 and 35 vol.%, 
ceramic/polymer (PC) interpenetrating phase composite with an initial solid ceramic 
loading of 20 and 30 vol.%, dense alumina and pure polymer specimens. Human enamel 
specimens were cut and polished to a size of   2 x 3 x 2 mm.  
x f(a/W) 
Thickness x Width3/2 
Fracture toughness =  




In the case of the ceramic/polymer interpenetrating phase composite materials the 
maximum load was applied parallel to the direction of freeze-casting. The maximum 
load was held for 20 sec and 30 determinations were made for each material as 
illustrated in Table 3-3.  
Six indents were made on each specimen with an interval of 2 mm between indents to 
avoid the influence of residual stresses from neighbouring indents. Indentation 
diagonals and cracks emanating from the diagonals were measured by light microscopy 
and any irregular indentations were rejected, as advised by the Standards of Advanced 
Technical Ceramics, EN843-4: 2005. BSI (2007). The lengths of the two resultant 
diagonals of the surface indentations were measured and averaged for each 
measurement. Hardness was calculated according to the formula:  
Hardness = 1.854 x Force/ indentation diagonal length^² 
Parameter Composite  Enamel  Alumina Polymer 
Hardness HV 1 HV 0.2 HV 2 HV 0.2 
Time 20 sec 20 sec 20 sec 20 sec 
Load 9.807 N 1.961 N 19.807 N 1.961 N 
Lens X 40 X 40 X 40 X 40 
 
Table 3-3. Parameters for Duramin Vickers hardness testing machine. 
For the ceramic/polymer (PC) interpenetrating phase composite materials, further 
hardness evaluation was performed where the maximum load was applied 
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perpendicular to the direction of freeze-casting to the specimens to evaluate the 
anisotropy of the materials.  
 Abrasion testing 
The aim of abrasion testing was to determine the maximum predicted wear of an 
orthodontic appliance constructed of a composite material over 2 years, when subjected 
to 2 mins of toothbrushing twice daily. This would equate to a total of 2 hrs and 50 mins 
of toothbrushing per bracket. Six flat specimens were prepared from human permanent 
tooth enamel, dense ceramic, pure polymers, ceramic/polymer (PC) interpenetrating 
phase composite specimens with initial solid ceramic loadings of 20 and 30 vol.% and 
ceramic/polymer (UDMA-TEGDMA) interpenetrating phase composite specimens with 
initial solid ceramic loadings of 30 and 35 vol.%. Each section was polished and finished 
using a 0.3 µm Al₂O₃ powder as a suspension in deionised water to achieve a smooth 
surface. A custom-made toothbrushing machine (Bristol University) was utilised for 
brushing the samples using a linear motion (Figure 3-18). In order to study surface loss, 
protective tape was applied to either end of the specimen leaving only an exposed 




Figure 3-18. Custom-made abrasivity machine.  
Within the testing machine custom-made supports were made using Elite Double 32, a 
vinylpolysiloxane duplicating material (ZhermCK SPa, Badia Polesine, Italy). The base and 
catalyst were mixed together in a ratio of 1:1 in a glass beaker and the mixture was 
poured into the pre-existing well on the abrasion testing machine. The mixing time was 
1 min; the working time 10 mins and the total setting time was 20 mins. Once the 
material was tacky to touch, the specimens were placed in a row, split between the two 
wells along their long axis to create the mould.  
Prior to abrasion testing, a toothpaste suspension was prepared using a ratio 25 g 
toothpaste (Colgate Total Everyday, 1450 ppm.F-, 27.6 µmol/L.F-, Colgate-Palmolive Ltd, 
Guildford, Surrey, UK) to 40 g deionised water, mixed using a stirrer and magnetic flea 
(Fisher Scientific, Loughborough, UK) until a homogenous suspension was obtained. This 
was then poured into the toothbrushing machine reservoir to ensure that each 
specimen was covered by at least 3 mm of dentifrice suspension. The tooth brushes 
(Oral B, standard medium, size 35, Procter & Gamble, Egham, Surrey, UK) were mounted 
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such that the toothbrush filament tip plane moved back and forth across the specimen.  
Each test group was allocated a new toothbrush head. A weight of 200 g was added to 
the brushes to simulate the everyday toothbrushing force according to International 
Standard, ISO 11609 (2017).  
The specimens were brushed for 2 hrs 50 mins at 75 strokes per minute. The suspension 
was replaced every hour to ensure adequate coverage of the specimens. After brushing 
any remaining dentifrice suspension was removed using deionised water before the 
specimens were stored in deionised water prior to measurement.  
 Surface roughness and surface loss 
Non-contact white light optical profilometer (Figure 3-19) (Proscan 2100 non-contact 
profilometer, Scantron Industrial Products Ltd, Taunton, Somerset, UK) and Proscan 
software (Scantron Industrial Products, Ltd, Taunton, Somerset, England) were used to 
measure the surface roughness before and after toothbrushing and the amount of 
surface loss after toothbrushing. Non-contact profilometry provide 2D measurements 
that are measured in micrometres. A dark reference background check was performed 




Figure 3-19. Proscan profilometer used for surface roughness and surface loss 
characterisations.  
The non-contact profilometer software comprises a variety of ISO analytical tools for 
surface form, finish and feature geometry, as well as area and volume-based 
measurements. To determine the initial surface roughness before toothbrushing, 
surface scanning was performed for a scan area of 2 x 2 mm in dimension. The optimal 
step size for the scan area was 0.01 mm in both the horizontal and vertical scan 
directions and the number of steps was 200. A reference line was placed on one edge of 
each specimen in order to record the start position which was used for all scans pre-
brushing and post-brushing. Six specimens from each material were examined. One 
measurement was conducted for each specimen in horizontal and vertical directions. 
Before the start of the brushing experiment, the ends of each specimen from all the 
different groups of the test materials were protected with adhesive tape providing two 
control areas and an approximate 1.5 mm² wide surface window following initial 
scanning. When the brushing testing procedures were completed, the protective tape 
was peeled away, and any tape residue was removed by briefly soaking in acetone 
(Fisher Scientific, Loughborough, UK) for 30 sec.  
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The non-contact profilometer detector is able to recognise surfaces properties as these 
affect the energy absorption of the material. The outline roughness of the tested surface 
would impact the detector light reflection which would help detector to recognise the 
degree of the surface roughness. Care was taken to choose the central area of each 
specimen to avoid edge effects. Surface roughness was measured by scanning the test 
materials prior and post toothbrushing. The sensor utilised for the measurements was 
S11 chromatic sensor. The scan measurements were completed by using Surface Filter 
and Auto levelling function.  
The roughness parameters determined were the following: 
• Ra, average roughness, which describes the overall surface roughness. 
• Rz, which defines the average maximum peak-to-valley height of five 
consecutive sampling depths. 
• Rmax, maximum roughness depth, which analyses isolated profile features 
on the surface. 
• Rq, root mean square roughness, which represents the height distribution 
relative to the mean line. 
To determine the amount of surface loss, A 1.5 x 1.5 mm² area was scanned and Proscan 
software used to highlight three areas, one in the centre across the brushed area 
(treated) and two from the specimen shoulder areas that were covered and protected 
initially with tape (control). This allowed for direct comparison between the brushed and 
unbrushed areas. Any flawed peaks were removed. Differences in height were calculated 
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using simulation of the area trace method (West et al., 2000). The measurements were 
repeated 3 times and the mean value was considered as the surface loss value of the 
specimen. Six specimens from each specimen were investigated. Surface loss was 
measured by scanning the area that had been brushed (treated) along with the 
unbrushed areas (control) that had previously been protected by taping. 
3.9 Statistical analysis 
The statistical tests used on the results obtained from the abrasion testing were paired 
t-test. The data were analysed using Stata version 14 (Stata Corp, College Station, Texas, 








Chapter 4. Fabrication and microstructure of porous ceramic scaffolds 
4.1 Introduction 
Porous ceramics with tailored open pore structures that can mimic natural structures 
show great promise for use in biomedical fields. They can be used as preforms to 
infiltrate with a second phase, such as a polymer or metal, to produce an 
interpenetrating phase composite for different biological and engineering applications. 
Due to the poor aesthetic properties of metals and poor mechanical properties of 
polymers when used as orthodontic bracket materials, pure ceramic, principally alumina, 
is frequently used (Jena et al., 2007). Although ceramic brackets show good aesthetics 
and abrasion resistance, their brittle nature means there is the risk of bracket and 
enamel fracture at debond. The principal aim of the present study is to produce ceramic 
scaffolds with a graded porosity throughout the overall structure using a 
gelation/freeze-casting technique. This was the first stage in the development of the 
biomimetic composites, with the potential for use as an orthodontic bracket material. 
This was achieved by using a temperature gradient between the top and bottom cooling 
plates during fabrication, resulting in specimens with a porous composition and 
microstructure as a function of location. The results are presented both qualitatively, 
describing the outcome of the stepwise fabrication of the porous ceramic scaffold and 
its characteristic structural morphology, and quantitatively, describing the results of the 




 Microstructural characterisation of porous ceramic scaffolds 
4.2.1.1 Effect of initial solid ceramic loading  
The initial solid ceramic loadings (by volume) in the aqueous suspension were found to 
affect the size and morphology of the pores in the porous ceramic scaffolds (Figure 4-1).  
 
Figure 4-1. MicroCT images of porous ceramic scaffold with initial solid ceramic loading 
of 20 and 30 vol.% respectively. The images show the change in the pore dimensions and 
distribution due to changes in the initial solid ceramic loading. Red arrows indicate the 
different pores with different pore sizes. 
When looking at Figure 4-1, we can see that as the initial solid ceramic loading 
increased, the pore size of the resulting scaffold decreased along with an increase in 
ceramic wall thickness. For example, porous scaffolds containing 20 vol.% ceramic as the 
initial solid loading were characterised by relatively bigger pores and the ceramic walls 
were thinner.  
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4.2.1.2 Effect of gelatine concentration  
To determine the effect of different gelatine concentrations (by weight) on pore size and 
morphology, SEM images of the porous ceramic scaffold were obtained for six different 
specimens. These were prepared with constant initial solid ceramic loading in the 
aqueous suspension (10 vol.%), but with different gelatine concentrations (2.5 to 10 
wt.%) and with PVA as a binder for comparison (Figure 4-2). Freezing temperature (-10°C 
to +20°C) as well as the cooling rate (1°C/min) were fixed in order to allow the 
comparison between the specimens. The SEM images were taken in two planes with 







Figure 4-2. SEM images of porous ceramic scaffolds in two planes with respect to 
freezing direction: top and sagittal showing the morphology and dimensions of the 
unidirectional aligned pore channels. The porous ceramic scaffolds were produced with 
an initial solid ceramic loading of 10 vol.%, six different gelatine concentrations of 2.5%, 
3.75%, 5%, 7.5%, 10% and both gelatine 2.5% and PVA 2%. A freezing temperature of -
10°C to +20°C, and a cooling rate of 1°C/min.  
The SEM images in Figure 4-2 demonstrate that the shape of the pores at the relatively 
lower gelatine concentrations looks less rounded and appear as polygons. With 
increasing gelatine concentration, the pore shape changed to a more rounded 
appearance.  
It can be seen from the graph in Figure 4-3 that in each layer, as the concentration of the 
gelatine increased, so the porosity decreased. It is clear that the increase in the gelatine 
concentration leads to a reduction in the overall porosity, regardless of the size and the 
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shape of the pores. As might be expected there was a progressive increase in the 
porosity from ceramic-rich to the more porous layers along the direction of freezing. 
 
Figure 4-3. The overall mean and SD (%) of the porosities progressing from the ceramic-
rich layer to the more porous layer of porous ceramic scaffolds with respect to 
anisotropy and different gelatine concentrations. The porous ceramic scaffolds were 
produced with an initial solid ceramic loading of 10 vol.%, five different gelatine 
concentrations of 2.5%, 3.75%, 5%, 7.5% and 10%, a freezing temperature of -10°C to 
+20°C, and a cooling rate of 1°C/min. The porosity analysis of these images was 
performed using ImageJ image-analysis software. 
Specimens containing 20 vol.% initial solid ceramic loading, prepared at a freezing 
temperature gradient of -10°C to +20°C, a gelatine concentration of 2.5% and a cooling 
rate of 1°C/min were further cut into 4 mm thick sections, progressing from the ceramic-






















loading were chosen for this investigation to show the effect of the freeze-casting 
process on the gradient structure of the resultant porous scaffolds. Optical microscope 
images were obtained at a distance of 4, 8, 12, 16 and 20 mm from the bottom cooling 
plate, where freezing started, progressing from the ceramic-rich layer towards the top 
ceramic-poor (more porous) layer. Images were taken of each layer and ImageJ software 
was used to measure the porosity (Figure 4-4). It is clear that when progressing further 
from the bottom ceramic-rich layer, the ceramic component decreases in volume and 
become less dense, while the pores become bigger. The images show that the 
temperature gradient significantly influences pore structure with a gradual increase in 
the size of the pores. 
 
Figure 4-4. Optical images show the cross sections of porous freeze-cast scaffold 
produced with initial solid ceramic loading of 20 vol.%. At a distance of (a) 20 mm from 
the bottom, (b) 16 mm, (c) 12 mm, (d) 8 mm and (e) 4 mm. 
4.2.1.3 Morphology of the pores 
SEM images in Figure 4-5 show the microstructure of the porous ceramic scaffold. The 
morphology of the pores obtained by using the gelation/freeze-casting route was 
typically cylindrical and with the main structure characterised by pores of various sizes. 
  
105 
The pores were characterised by a hexagonal architecture arranged as a 3D honeycomb-
like structure.   
 
Figure 4-5. SEM images of the porous ceramic specimen for top and sagittal plane 
showing the unique 3D honeycomb-like structure. The porous ceramic scaffolds were 
prepared with initial solid ceramic loading of 20 vol.%, a freezing temperature of -10°C 
to +20°C, a gelatine concentration of 2.5 wt.% and a cooling rate of 1°C/min.                   
A: Magnification x 80. B: Magnification x 160. 
4.2.1.4 The graded structure of the pores  
MicroCT images (Figure 4-6) were produced for the porous scaffolds with 20 vol.% initial 
ceramic loading, a freezing temperature gradient of -10°C to +20°C, a gelatine 
concentration of 2.5% and a cooling rate of 1°C/min. MicroCT examination provided a 
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continuous image in the sagittal plane along the direction of freezing from the ceramic 
dense to the porous rich layer.  
 
Figure 4-6. MicroCT 2D image of the sagittal cross section of freeze-cast porous alumina 
scaffold with initial solid ceramic loading of 20 vol.%. The scaffold shows a porosity 
gradient in the direction of freezing. The yellow arrow indicates the freezing direction. 
The numbers indicate the zone characteristics of the freeze-cast porous scaffold. 
It is clear the temperature gradient significantly influences the pore size and structure. 
The image shows a unidirectional channelled structure exists in the entire ceramic 
scaffold, which is a typical feature of freeze-casting when using water as a solvent 
(Figure 4-6). As the distance from the cooling plate increases, so the porosity of the 
ceramic scaffold increases and in a graduated fashion from the bottom to the top of the 
specimen. We can also see three distinct zones:  
• Zone 1, closest to the freezing plate where the freezing process starts, the scaffold is 
dense, and no porosity can be observed  
• Zone 2, the scaffold has a randomised structure and closed pores 
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• Zone 3, the scaffold has open and interconnected porosity adapted to the direction 
of the freezing front.  
These zones have been previously described by Deville et al. (2006b). The present study 
will focus only on the properties of the porous top zone. 
 Physical characterisation of porous ceramic scaffolds 
4.2.2.1 Density and porosity (Archimedes’ method) 
The densities and porosities of specimens containing initial solid ceramic loading of 10, 
15, 20, 25, 30 and 35 vol.%, a freezing temperature of -10°C to +20°C, a gelatine 
concentration of 2.5 wt.% and a cooling rate of 1°C/min were evaluated using the 
Archimedes’ method and deionised water. The results for the densities and porosities 





Figure 4-7. Graph illustrating change in the mean and SD of porosities (%) and densities 
(g/cm³) of the porous ceramic scaffolds in relation to the initial solid ceramic loading. 
The data were produced using the Archimedes’ method. 
It can be seen that the values of the densities for the samples were linearly related to 
the solid loading. This is to be expected as the density of a sample is a function of the 
solid loading in the initial suspension.  
When looking at the graph in Figure 4-7, we can see the total porosity for these samples, 
which was calculated based on their weight, tended to increase with decreasing solid 
ceramic loading. This again is to be expected as the total porosity is a function of the 


































4.2.2.2 Linear sintering shrinkage 
Shrinkage evaluation was performed by measuring the specimen diameters at room 
temperature following freeze-drying, and again at room temperature after sintering 
(Figure 4-8).  
 
Figure 4-8. Typical porous ceramic specimens before and after sintering respectively. 
Specimens obtained from initial solid ceramic loading of 30 vol.% through directional 
freeze-casting and subsequently sintered at a temperature of 1600°C for 2 hrs. 
It can be seen in Figure 4-8 that the ceramic scaffold was sintered successfully with no 










Figure 4-9. Graph illustrating the measurements of the mean and SD of the sintering 
shrinkage (%) values in relation to the initial solid ceramic loading. 
By looking at Figure 4-9, we can see that as the initial solid ceramic loading increased, 
the volume shrinkage decreased. For example, the linear shrinkage was observed to be 
only 2% in the case of the specimens containing initial solid ceramic loading of 35 vol.%, 
while it was 7% in case of the specimens containing initial solid ceramic loading of 10 
vol.%. 
4.3 Discussion 
In order to produce a biomimetic interpenetrating phase composite material, it was first 
necessary to fabricate a porous ceramic scaffold with graded open pores, which could 
subsequently be infiltrated with a polymer. In the present study a combination of 
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ceramic scaffolds. This method has the advantage of being able to produce a material 
with a variable porosity that is controlled by the initial solid ceramic loading in the 
aqueous suspension. The use of water as a principal component makes the process 
environmentally friendly and it is also applicable to various types of ceramics (Deville, 
2010; Ohji and Fukushima, 2012).  
In the present study, the porous alumina ceramic scaffolds created comprised 
anisotropic honeycomb-like porous microstructures, rather than the lamellar pore 
structure typically seen with freeze-casting (Park et al., 2017). This was due to the use of 
gelatine as a binder and is in agreement with other studies that investigated the 
production of a microporous ceramic with a very high porosity and a honeycomb-like 
structure (Fukushima et al., 2010). The characteristic honeycomb-like structure is 
believed to be formed as a result of the gelatine/gelation effect during the freezing 
process (Fukushima et al., 2008). This mimics to some extent the distribution of the 
dental organic phase within the inorganic phase seen at the dentine-enamel junction in 
teeth (Amizuka et al., 1992) and in the outer layer of the enamel (Wang et al., 2012).  
The honeycomb-like structure produced using this technique has the potential to 
improve the mechanical properties of any subsequent interpenetrating phase composite 
produced using other processing techniques (Wegst et al., 2010). Similarly, the lamellar 
pores seen in the present study demonstrated more interconnections than are typically 
seen using other binders such as PVA (Preiss et al., 2012), which again has the potential 
to improve the mechanical properties. This is because a connected porous structure 
typically results in increased strength and stiffness (Scotti and Dunand, 2018). 
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 The gelatine freeze-casting process 
Freeze-casting has been widely considered a useful technique for porous ceramic 
production from a fine ceramic powder aqueous suspension. The main mechanism is the 
rejection of particles from the growing solvent crystals in the suspension (Deville, 2010; 
Fukushima et al., 2008). Moreover, it is a promising technique to mimic nature’s 
toughening mechanisms, by fabricating composites characterised by higher mechanical 
properties than those of their individual component parts (Munch et al., 2008; Launey et 
al., 2010; Preiss et al., 2012; Petrini et al., 2013; Porter et al., 2013). 
In the present study, the specimens were produced to a standardised height of 20 mm, 
which was appropriate for microstructural and mechanical property analysis, as well as 
permitting a relatively short freeze-casting time to be used (Deville, 2008).  
When the freeze-casting process was complete, the green body was then freeze-dried to 
facilitate sublimation of the water from the ice phase to the gas phase. Following freeze-
drying, a porous ceramic green body was obtained where the ceramic particles were 
held together by the binder gelatine. This green body was sufficiently strong that it could 
be handled without fracturing, prior to sintering. During sintering, it is crucial to avoid 
crack formation within the specimen by using a slow heating phase, which permits slow 
evaporation of any residual water and the decomposition of the organic gelatine binder 
(Deville, 2008; Deville, 2013). The first step of the sintering phase was slow heating to up 
to 450°C at a rate of 1°C/min. This was followed by further heating up to 1600°C to allow 
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densification of the ceramic walls (Deville, 2008), the elimination of any micro-porosities 
and a potential improvement in the final mechanical properties (Nguyen et al., 2012). 
Alumina powder was used in the present study as it is the most popular ceramic material 
used to produce aesthetic orthodontic brackets. This is due to its chemical stability, 
excellent biocompatibility, high wear resistance, good optical properties and high 
mechanical strength (Moraes et al., 2004). It has been used to produce well-defined 
porous ceramic scaffolds using the freeze-casting technique and the scaffolds have 
reportedly demonstrated excellent mechanical properties (Fukasawa et al., 2001a; 
Fukasawa et al., 2001b; Deville et al., 2007; Preiss et al., 2012; Petrini et al., 2013). 
Ceramics have been successfully used in restorative dentistry in fabricating CAD/CAM 
indirect restorations, such as crowns and bridges, for decades (Miyazaki and Hotta, 
2011), and more recently sintered alumina networks, infiltrated with a second phase, 
have been manufactured for potential use in dentistry (Chaiyabutr et al., 2009; Preiss et 
al., 2012; Petrini et al., 2013; Giordano, 1998; Giordano, 2000). 
 Effect of the initial solid ceramic loading on the microstructure 
In the present study, the effect of different solid ceramic loadings within the initial 
aqueous suspension was investigated, namely 10, 15, 20, 25, 30 and 35 vol.% of ceramic. 
Based on a previous study by Preiss et al. (2012), this range of solid loading is thought to 
be ideal for the fabrication of porous ceramic scaffolds and subsequent polymer 
infiltration. The higher the solid loading the greater the forces required for the growing 
ice crystals to push up through the ceramic suspension to create a porous ceramic 
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framework (Deville, 2008; Deville et al., 2015). As a result, ceramic suspensions 
containing high initial solid ceramic loading (40 vol.%) may result in a porous ceramic 
scaffold with a very low porosity that might be difficult to infiltrate with a second 
polymeric phase. Conversely, ceramic aqueous suspensions with initial solid ceramic 
loading lower than 10% may result in scaffold with poor mechanical properties for 
clinical use, even after polymer infiltration (Deville, 2010). In the present study, it has 
been demonstrated that different initial solid ceramic loadings in the suspension can 
have a clear effect on the final porous scaffold microstructure with respect to pore size, 
morphology and wall thickness, as illustrated in Figure 4-1. With increasing solid loading 
there is a decrease in pore size and an increase in wall thickness. On the other hand, 
reducing the ceramic solid content lead to a decreased ceramic wall thickness and an 
increase in pore size. This can be explained by the presence of relatively high water 
content in the aqueous suspension, hence bigger ice crystals developed. These results 
agree with previous research that has examined the influence of the initial solid loading 
of the ceramic suspension on pore size and wall thickness (Deville et al., 2007; Preiss et 
al., 2012; Naleway et al., 2016).  
 Effect of the binder on the microstructure 
At the beginning of the present study, gelatine as a binder was added immediately to 
the alumina suspension. However, it did not completely dissolve, which resulted in an 
inhomogeneous suspension. It was therefore decided to initially dissolve the gelatine 
powder in water heated to 55°C and stirred for 1 hour. This solution was then added to 
the aqueous ceramic suspension, resulting in a more homogenous mixture. This 
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combination of freeze-casting and gelatine/gelation has been used previously in the 
fabrication of porous ceramic scaffolds (Fukushima et al., 2008; Koch et al., 2003; 
Fukushima et al., 2014; Matsunaga et al., 2017). Gelatine is a biopolymer that is widely 
used in composite materials due to its non-toxicity, biological origin and desirable 
mechanical properties. It is a denatured collagen, which undergoes physical gelation at 
temperatures below 20°C, forming a weakly crosslinked network.  
In the present study, the effect of gelatine addition on the structure of freeze-cast 
scaffolds was to produce a more cylindrical pore structure, which is in agreement with 
previous work on porous scaffold fabrication (Fukasawa et al., 2001a; Landi et al., 2008; 
Fukushima et al., 2008). Gelatine slowly gelatinises and hinders the anisotropic growth 
of ice crystals and so the pores evolve into spherical and reticulated shapes (Zhang et al., 
2009). These honeycomb-like porous structures are produced probably as a result of the 
increased resistance the gelatine affords, preventing the ice crystals created during the 
freeze-casting process from adopting their more usual plate-like morphology, and 
therefore lamellar structure within the ceramic suspension (Fukasawa et al., 2001a; 
Landi et al., 2008; Fukushima et al., 2008; Liu et al., 2015).  
The pore size and porosity both decreased when the gelatine concentration was 
increased as can be seen in Figure 4-2 and 4-4. One possible reason is that with an 
increased concentration of gelatine, solution viscosity increases and therefore a higher 
force is required for the gelatine molecules and the ceramic particles to be expelled by 
the water molecules during ice crystal formation (Fukushima et al., 2008). This is in 
agreement with previous studies in the literature, where ice crystal size was observed to 
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be reduced in the presence of gelatine molecules (Arabi and Zamanian, 2013; Wu et al., 
2010).  
 Morphology of pores 
In the present study, examination of the sintered porous structure revealed macroscopic 
pores uniformly distributed over the entire scaffold. These pores were aligned along the 
direction of growth of the ice crystals and exhibited a well-defined honeycomb-like 
shape in their cross sectional view (Figure 4-4), more so than the pore structure typically 
seen for freeze-cast specimens produced using different binder systems (Li and Dunand, 
2011). The dendritic structure, more typically seen with ice crystal growth where just 
water or a camphene-based suspension is used, was not seen (Fukasawa et al., 2002; 
Ding et al., 2007; Yoon et al., 2007). 
All specimens, independent of their initial solid ceramic loading, showed a progressive 
increase in pore size with increasing distance from the bottom cooling rod of the freeze-
casting machine. This was associated with the slowing down of the freezing velocity of 
the growing ice front. This means that at distances further away from the cold surface of 
the lower cooling rod, the ice growth rate reduced due to the evolved ice which 
operates as an insulator and reduces the temperature gradient. The temperature ranged 
from -10°C to +20°C in the current investigation. The range from -7°C to 0°C is known as 
the zone of maximum ice crystal formation (Knight et al., 1988; Yeh and Feeney, 1996). 
This anisotropic structure created as a result of the directional freeze-casting process 
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can result in mechanical properties that are significantly higher than those achieved by 
ceramic scaffolds created using non-directional freezing (Deville et al., 2006a). 
The pore sizes observed in the present study demonstrated a potential for polymer 
infiltration enabling the fabrication of a composite material. The graduated structure 
produced means that if this material were to be used in the construction of an 
orthodontic bracket, it may provide a polymer rich layer for bonding to the tooth 
surface, and a ceramic-rich layer exposed to the oral environment with improved wear 
and abrasion resistance. If this is to be the case, then the architecture of the framework 
must be tailored to provide suitable dimensions for the composite material to be 
fabricated into an orthodontic bracket. 
 The graded porous structure 
The production of a homogenous specimen using freeze-casting, with a uniform 
temperature across the specimen would have a very little potential application as a 
bracket material, as the resultant scaffold would have a cellular microstructure with 
randomly orientated pores (Fu et al., 2008). This would potentially affect polymer 
infiltration and reduce the mechanical properties. During the freeze-casting process in 
the present study, ice crystal growth was restrained by the application of a temperature 
gradient induced in the gelatine solution, resulting in a unidirectional gradient porous 
scaffold (Rodríguez-Parra et al., 2012; Kang et al., 1999; Jing et al., 2010).This 
phenomenon is known as anisotropic ice crystal growth. This unique microstructure was 
achieved by having one end of the specimen at a lower temperature than the other, and 
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with the ceramic particles initially being rejected by the solidification front forming at 
the bottom cooling plate and progressing to the top cooling plate (Barr and Luijten, 
2010). The resultant scaffold was characterised by a complex porous anisotropic 
microstructure, which can be easily infiltrated by another phase network (Han et al., 
2009). To visualize the pores inside the scaffold, specimens were cut transversely 
through the total length of the specimens and viewed with optical microscopy, as can be 
seen in Figure 4-3. The same was also viewed with MicroCT 2D imaging (Figures 4-6). In 
both cases it can be clearly seen that the scaffold exhibits a graduated porous structure 
in the direction of freeze-casting. 
Freeze-cast porous scaffold are characterised by three distinct zones along the 
solidification front (Figure 4-6), as had been previously described by (Deville et al., 
2006a). The present study will only focus on the third porous zone. Looking at the image 
in Figure 4-6, it would appear that as we progress further from the ceramic-rich end, the 
pore size increases in this porous zone, and the ceramic component become less dense. 
Additionally, there was a transition from a random architecture to a 3D honeycomb-like 
structure. This channelled structure occurs in the entire sintered body from bottom 
towards the top, with the top layers characterised by a higher porosity.  
In an aesthetic orthodontic bracket made from such a material, this characteristic 
gradient structure would allow the production of a polymer rich tooth facing layer, 
which would reduce the risk of enamel damage at debond. Conversely there would be a 
ceramic-rich outer layer, exposed to the oral environment, which would demonstrate 
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improved wear resistance compared to a conventional polymeric bracket, and tougher 
bracket tie wings compared with conventional ceramic orthodontic brackets.  
 Density and porosity of the porous ceramic structure 
The density of a specimen is the proportion of its dry mass divided by the exterior 
volume including pores. The mean values of the density of the porous ceramic scaffolds 
reported in the present study ranged from 0.79 to 2.52 g/cm³. The mean density value 
of the porous scaffolds containing an initial solid ceramic loading of 20 vol.% was 1.45, 
and for a loading of 30 vol.% it was 2.5 g/cm³. These values are comparable to the mean 
density values reported for porous alumina scaffolds 1.43 and 2.06 g/cm³ respectively by 
Zhang et al. (2010). It can be seen from Figure 4-7 that the values of the densities for the 
samples were linearly related to the initial solid ceramic loading, and there was an 
increase in the density with increasing vol.% of ceramic. This may be attributed to a 
higher volume of alumina powder and thereby more densely packed ceramic particles.  
The porosity of a material is the relationship of the volume of open pores of specimen to 
its exterior volume (Diamond, 2000). In the present study, for porous ceramic scaffolds 
the porosity was investigated in relation to the initial solid loading of the suspension, as 
illustrated in Figure 4-7. The porosity ranged from 31 to 81% when the initial ceramic 
solid loading decreased from 35 to 10 vol.%. The total porosity of the scaffold was 
strongly affected by the initial solid ceramic loading in the suspension. This indicates that 
the porosity results from the volume of water within the initial suspension (Fukasawa et 
al., 2001a; Fukasawa et al., 2001b; Deville et al., 2007). Usually, the growing ice crystals 
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repel all particles, additives and impurities, concentrating them within the inter-crystal 
space (Deville, 2013). By altering the initial solid ceramic loading it was possible to 
customise the resultant ceramic scaffold porosities, meaning that freeze-casting shows 
promise for the development of porous ceramics tailored for orthodontic applications. 
These results observed are consistent with the range of mean porosities reported in the 
literature (40 to 97%), demonstrating that freeze-casting is a versatile technique that can 
produce a wide range of porous materials (Deville et al., 2006a; Deville et al., 2006b). 
When alumina suspensions were processed by freeze-casting and using gelatine 
gelation, Fukasawa et al. (2001b) showed the porosity of final scaffolds containing 28.0% 
and 33.3% ceramic sintered at 1600°C ranged from 52.8% and 45.8% respectively, which 
again are comparable with the data obtained in the present study (51.97% and 35.00% 
porosity with initial solid loading of 25 and 30 vol.% respectively).  
 Shrinkage and deformation of the porous ceramic structure 
The final porous ceramic scaffolds produced in this study were successfully sintered with 
relatively low shrinkage. High sintering shrinkage can lead to internal and surface cracks, 
in the final ceramic scaffold (Tillman et al., 2014). It can be seen from Figure 4-9 that 
shrinkage of the final porous scaffold decreased slightly as the initial solid ceramic 
loading in the original suspension increased, when the sintering temperature was fixed. 
This is probably due to the shrinkage of the specimen being determined almost entirely 
by the intrinsic shrinkage of alumina itself and densification of the ceramic walls of the 
porous scaffold. Previous research has shown that a higher initial solid ceramic loading is 
required to reduce the shrinkage of the ceramic green body during drying and sintering 
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(Sharifi et al., 2014). Moreover, Fukasawa et al. (2001b) investigated the characteristics 
of porous alumina scaffolds produced by conventional freeze-casting and found that 
solid ceramic loading has very little effect on the sintering shrinkage, although they only 
investigated specimens with an initial solid ceramic loading of 30 to 45 vol.%.  
4.4 Summary 
In this part of the study, porous ceramic scaffolds were produced with a view to later 
infiltration with polymer in order to create a material that might be used for the 
fabrication of aesthetic orthodontic brackets. Porous alumina scaffolds with different 
ceramic volume fractions and anisotropic graded structures were successfully produced 
using a unidirectional freeze-casting technique and with gelatine as a binder. Freeze-
casting, combined with the use of gelatine gelation created not only porous alumina 
scaffolds, but created scaffolds with a honeycomb-like structure that could be tailored 
by manipulating the processing and freezing conditions. Optical, SEM and MicroCT 
observations showed an aligned and graduated structure within the ceramic scaffolds, 








Chapter 5. Fabrication and microstructural characterisation of 
ceramic/polymer interpenetrating phase composites 
5.1 Introduction 
An ideal orthodontic bracket should be strong enough to withstand the oral 
environment, be able to transfer the applied forces to the tooth during orthodontic 
treatment and satisfy the aesthetic needs of the patient. In the previous Chapter the 
fabrication and characterisation of the porous ceramic frameworks was described. The 
aim of this part of the study is to fabricate and characterise ceramic/polymer 
interpenetrating phase composites for use in aesthetic orthodontic brackets. These 
materials comprise a polymer infiltrated into a porous freeze-cast alumina preform with 
interconnected porosity and a graded structure. Two different types of polymers, 
namely UDMA-TEGDMA and PC, were used for the ceramic framework infiltration. These 
polymers were chosen as they are currently widely used in dentistry, possess good 
aesthetics, good mechanical properties and are biocompatible. The effect of different 
initial solid ceramic loadings on the ceramic structure and therefore polymer infiltration 
process was also investigated. The results are presented as both qualitative, describing 
the outcome of the stepwise fabrication of the ceramic/polymer interpenetrating phase 
composites and their characteristic structural morphology, and also quantitative, 
describing the effects of the ceramic volume fraction on the microstructure and density 




 Microstructure of ceramic/polymer interpenetrating phase composite  
5.2.1.1 Al₂O₃-UDMA-TEGDMA interpenetrating phase composite 
In this study, UDMA-TEGDMA was infiltrated into the pores of the porous ceramic 
preform using vacuum infiltration followed by in situ heat polymerisation (as described 
in Chapter 3, page 68 to 69). Figure 5-1 shows an example of a freeze-cast porous 
preform and the ceramic/polymer infiltrated interpenetrating phase composite, as 
prepared for this study.  
 
Figure 5-1. A: Top view of a sintered porous ceramic specimen before and after UDMA-
TEGDMA infiltration. B: Sagittal view of a specimen after UDMA-TEGDMA infiltration.  
The resultant ceramic/polymer interpenetrating phase composite is uniform showing 
that the monomers had completely penetrated the pores of the ceramic preform. SEM 
images in Figure 5-2 were obtained for the Al₂O₃-UDMA-TEGDMA interpenetrating 
phase composites with different initial solid ceramic loadings in the aqueous suspension.  
It is clear from the images that with increasing ceramic volume fraction, the polymer 




Figure 5-2. SEM images showing the change in the structure of the ceramic/polymer 
interpenetrating phase composite in relation to the ceramic fraction. With initial solid 
ceramic loadings :10, 15, 20, 25, 30 and 35 vol.% respectively. 
When looking at SEM images for composites produced with an initial solid ceramic 
loading of 10 vol.%, we can see that the polymer matrix is more dominant, abundant 
and well distributed. It is also obvious that the polymer shape changes with increasing 
ceramic fraction, which is attributed to the change in the geometry of the original ice 
crystals.  
5.2.1.2 Al₂O₃-PC interpenetrating phase composite  
Unlike the UDMA-TEGDMA composite, PC was infiltrated into the pores of the ceramic 
preform using heat and an applied load. When looking at Figure 5-3 we can see that a 
temperature of less than 250°C did not result in successful PC infiltration, while 300°C 
caused decomposition of the PC and unwanted colour changes. As a result, 250°C was 
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the temperature of choice to perform the experiments in the present study. The effect 
of different loads on polymer PC penetration into the porous ceramic preform was also 
investigated. It can be seen in Figure 5-3 that applied loads of 200 N and 400 N resulted 
in polymer infiltration of the ceramic. However, at applied loads of 1000 N or more the 
ceramic fractured. An applied load of 400 N was therefore used in the present study.  
 
Figure 5-3. The effect of different temperatures and applied loads on the infiltration of 
PC into the porous ceramic preforms. Temperatures of 200 and 225°C did not result in a 
successful infiltration. Temperatures of 250 and 270°C resulted in a successful 
infiltration of PC to the porous ceramic preforms. Temperatures of 300°C resulted in 
decomposition of PC. No load resulted in no infiltration. Loads of 200 and 400 N resulted 
in a successful infiltration. Loads of 1000 and 2000 N resulted in the ceramic preform 
fracture. SEM images are presented here to illustrate the structure of the porous 
ceramic preform prior to infiltration. 
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The SEM images in Figure 5-4 confirmed that an applied load of 100 N resulted in 
improper infiltration. An applied force of 200 N resulted in limited PC infiltration into the 
porous ceramic preform of less than 4 mm, while an applied load of 400 N resulted in PC 
infiltration of approximately 4 mm.  
 
Figure 5-4. SEM images illustrating the effect of different load applications on the 
infiltration of PC into Al₂O₃-PC specimens. A: 100 N load resulted in less than 1 mm 
infiltration, B: 200 N load resulted in less than 2.5 mm infiltration, C: 400 N load resulted 
in 4 mm infiltration. 
The SEM images in Figure 5-5 show the porous ceramic preform before and after 
infiltration with PC. The pores possess a honeycomb-like structure with good polymer 
infiltration and no closed pores. Different sizes and shapes of pores were successfully 






Figure 5-5. SEM images showing the pore structures of the porous ceramic preform 
before and after the infiltration with PC. A temperature of 250°C and a load of 400 N 
were used. Initial solid ceramic loading 20 vol.%. 
When looking at Figure 5-6 it can be seen that for all three initial solid ceramic loadings 
10, 20 and 30 vol.%, PC infiltration was good even though the ceramic microstructures 
differed. There was also an intimate ceramic/polymer interface in each case.  
Figure 5-6. SEM images showing Al₂O₃-Pc interpenetrating phase composite infiltrations 
in porous ceramic preform made from different initial solid ceramic loadings. A. 10 
vol.%, B. 20 vol.%, C. 30 vol.%. 
However, the sagittal section SEM images in Figure 5-7, which show the specimens 
sectioned in the direction of the freeze-casting temperature gradient, illustrate how the 
different initial solid ceramic loadings of the porous ceramic preform affect the degree 
of PC infiltration. Preforms with an initial solid ceramic loading of 20 vol.% showed a 
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better PC infiltration of 4 mm into the preform than 30 vol.% solid ceramic loading, 
which showed a more limited PC infiltration of 3 mm.  
 
Figure 5-7.SEM images showing the effect of different initial solid ceramic loadings (20 
and 30 vol.%) on PC infiltration process. Below the horizontal line are the areas where 
PC infiltration was less apparent. 
 Ceramic volume fraction  
In this part of the study, the inorganic ceramic fraction of the specimens was measured 
following polymer burnout from the ceramic/polymer interpenetrating phase 
composites. The density value for alumina is 3.90 g/cm³, for UDMA-TEGDMA it is 1.15 
g/cm³ and for PC it is 1.20 g/cm³. The observed volume fractions for the UDMA-TEGDMA 
composites in the top, middle and bottom sections of each of the specimens and the PC 
composites will now be described. 
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5.2.2.1 Al₂O₃-UDMA-TEGDMA ceramic fraction  
Figure 5-8 shows the change in ceramic fraction with initial solid ceramic fraction, and 








Figure 5-8. Mean and SD of ceramic volume fractions (%) in relation to the different 
layers and initial solid ceramic loading of the Al₂O₃-UDMA-TEGDMA interpenetrating 
phase composites. 
When the residue left after burn out was measured, there was seen to be a linear 
relationship between the initial solid ceramic loading and the final ceramic volume 
fractions, with the overall ceramic fraction increasing with the higher initial solid ceramic 
loadings. For example, with an initial solid ceramic loading of 30 vol.%, the ceramic 
fraction was 50.89 vol.%, while an initial solid loading of 20 vol.% resulted in a ceramic 

































loading there was a trend for a greater ceramic fraction at the bottom of the specimen, 
followed by the middle and then the top of the specimen, indicating a graded structure 
of the ceramic preforms. 
5.2.2.2 Al₂O₃-PC ceramic fraction 
For the Al₂O₃-PC composites it was not possible to evaluate the specimens from 
different levels, as it was only possible to infiltrate initial ceramic preforms to 4 mm in 
thickness. Figure 5-9 illustrates the effect of a different initial solid ceramic loading on 
ceramic volume for the Al₂O₃-PC composites. Once again there was a tendency for an 
increasing ceramic fraction with increasing initial solid loading. A 30 vol.% initial solid 
ceramic loading resulted in a ceramic fraction of 51.46 vol.% and an initial solid loading 







Figure 5-9. Mean and SD of ceramic volume fractions (%) relative to the initial solid 


























Initial solid ceramic loading (%)
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 MicroCT analysis 
MicroCT imaging was used for further characterisation of the samples and evaluation of 
the degree and pattern of polymer infiltration.  
5.2.3.1 Al₂O₃-UDMA-TEGDMA MicroCT   
A full interpenetration of the UDMA-TEGDMA polymer into the porous alumina preform 
can be seen in Figure 5-10.  
 
Figure 5-10. 3D MicroCT images of Al₂O₃-UDMA-TEGDMA interpenetrating phase 
composite produced from initial solid ceramic loading of 30 vol.%. Differences in the 
colours represent a difference in phase. A: Al₂O₃-UDMA-TEGDMA interpenetrating phase 
composite material containing 30 vol.% ceramic. Red represents the ceramic phase and 
green the polymer phase. B: The porous ceramic scaffold (ceramic only phase). C: The 
polymeric part of the composite (connected pores, polymer only phase) and D: The air 
part of the composite (closed pores). 
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By looking at the MicroCT images in Figure 5-10, we can see that the interpenetrating 
phase composite contains three phases: the ceramic phase, a polymer phase infiltrating 
the interconnected pores, and finally a lesser air phase representing the closed pores 
which could not be infiltrated with polymer.  
Table 5-1 shows volume fractions as calculated from the MicroCT data. The values 
obtained from this method were based on the MicroCT identification of the different 
densities of the ceramic and polymer constituent phases of the interpenetrating phase 
composite material. 
Constituent material Volume fraction 
Alumina  56.9% 
UDMA-TEGDMA 42.9% 
Air 0.2% 
Table 5-1. Data representing constituent volume fraction of Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composite produced from initial solid ceramic loading of 30 vol.% 
(bottom level). 
5.2.3.2 Al₂O₃-PC MicroCT 
MicroCT was used to evaluate Al₂O₃-PC composites containing 20 and 30 vol.% initial 
solid ceramic loadings (Figure 5-11). With PC there was once again good 
interpenetration into the pores of porous ceramic preform. A lesser third air phase could 
also be seen, once again probably as a result of air trapped between the ceramic 




Figure 5-11. 3D MicroCT images of the porous alumina preform, infiltrated 
polycarbonate phase and the final interpenetrating phase composite material. A: Al₂O₃-
PC interpenetrating phase composite material containing 20 vol.% ceramic, blue 
represents the ceramic phase and pink the polymer. B: Al₂O₃-PC interpenetrating phase 
composite material containing 30 vol.% ceramic, green represents the ceramic phase 
and pink represents the polymer phase. 
When looking at Figure 5-11, we can see that the increase in the initial solid ceramic 
loading resulted in a significant change in the microstructure of the interpenetrating 
ceramic/polymer phase composite material. The pores are bigger and more rounded in 
shape when the initial solid ceramic loading was 20 vol.% compared with the composites 
produced with 30 vol.% initial solid ceramic loading. 
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 The graded and anisotropic structure of the interpenetrating phase 
ceramic/polymer composites   
To characterise the anisotropy of the Al₂O₃-UDMA-TEGDMA composites, different layers 
were cut and prepared from different locations of the specimens. Figure 5-12 illustrates 
the characteristics of specimens containing initial solid ceramic loadings of 30 vol.%. 
These specimens were taken from the top, middle and bottom layers of the 
ceramic/polymer composite. 
 
Figure 5-12. SEM images of Al₂O₃-UDMA-TEGDMA interpenetrating phase composite 
produced from initial solid ceramic loading of 30 vol.%. These images are showing the 
changes in the polymer distribution in the same specimen when evaluated from the top, 
A, (polymer rich), middle, B, and bottom, C, (ceramic rich) layers respectively (i.e. images 
left to right). These images illustrate the unique graded structure of the 
ceramic/polymer interpenetrating phase composites. 
It is clear from the SEM images that the shape of the polymeric structure changes from 
one layer to another in the direction of freezing, leading to a graded structure. In the top 




MicroCT imaging was also used to evaluate the anisotropic structure of the 
ceramic/polymer interpenetrating phase composites and they also show the graded 
porous structure (Figure 5-13).  
 
Figure 5-13. 3D MicroCT images of Al₂O₃-UDMA-TEGDMA interpenetrating phase 
composite obtained from 20 vol.% initial solid ceramic loading (lower picture), and its 
porous preform (upper picture). These images illustrate the unique anisotropy of the 
ceramic porous preform and the ceramic/polymer interpenetrating phase composites. 
Blue represents the ceramic phase and pink the polymer. White arrow indicates the 
freezing direction. 
The anisotropic graded structure can be clearly seen in the porous ceramic preform 
related to the freezing direction (Figure 5-13) with a polymer rich layer at the top and a 
ceramic rich layer at the bottom. The interpenetrating phase composite material is again 




 Density measurements 
5.2.5.1 Al₂O₃-UDMA-TEGDMA interpenetrating phase composite 
The mean and SD of the densities of the Al₂O₃-UDMA-TEGDMA interpenetrating phase 








Figure 5-14. Mean and SD for density (g/cm³) of the Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composites as a function of ceramic fraction (six specimens per 
group). (Density of alumina 3.90 g/cmᵌ, density of UDMA-TEGDMA 1.15 g/cmᵌ.) 
As might be expected, Figure 5-14 shows a clear trend of increasing density with 
increasing ceramic fraction, and with the densities lying between those of pure alumina 




















5.2.5.2 Al₂O₃-PC interpenetrating phase composite 
As with the Al₂O₃-UDMA-TEGDMA interpenetrating phase composites, the density of 
Al₂O₃-PC composite materials increased with increasing ceramic fraction and was again 
between the densities of pure alumina and PC (Figure 5-15).  
 
Figure 5-15. Mean and SD for density (g/cm³) of the Al₂O₃-PC interpenetrating phase 
composites as a function of ceramic fraction (six specimens per group). (Density of 
alumina 3.90 g/cmᵌ, PC 1.20 g/cmᵌ.) 
5.3 Discussion 
The mechanical properties of ceramics are very dependent on the presence of 
imperfections, either within their bulk or at their surface. Generally such imperfections, 
which might include porosity, are detrimental to properties such as flexural strength and 
fracture toughness (Guazzato et al., 2004a; Guazzato et al., 2004b). However, in terms of 



















respect to such properties (Albakry et al., 2003; Jongsma et al., 2012). Traditional dental 
composites have a random arrangement of the inorganic phase within an organic matrix 
and are therefore unable to mimic the aligned structure of natural tissues such as 
dentine and enamel. In the present study we have been able to fabricate 
ceramic/polymer interpenetrating composites that more closely mimic the structure of 
these natural composites. They comprise not only an interpenetrating network of a 
polymer matrix within a sintered porous ceramic preform, but also a gradient structure 
from the top to the bottom of the specimens, with very few air inclusions. 
 Al₂O₃-UDMA-TEGDMA interpenetrating phase composite  
In the production of the Al₂O₃-UDMA-TEGDMA composite used in this experiment, the 
two monomers were mixed in a 1:1 ratio by weight, before being added to the ceramic 
preform under vacuum. This ratio was based on the work of Okada et al., (2014). UDMA 
was chosen as the base polymer for a number of reasons. It was first introduced in 1974 
as the base polymer for resin composites (Foster and Walker, 1974) and has since been 
widely used in dentistry. The absence of a phenol ring in the monomer chain leads to 
higher flexibility and improved toughness (Asmussen and Peutzfeldt, 1990; Asmussen 
and Peutzfeldt, 1998; Gajewski et al., 2012) compared with Bis-GMA, another popular 
dental polymer. In addition, the lower molecular weight of UDMA (470 g/mol compared 
with 512 g/mol for Bis-GMA) makes infiltration into the ceramic preform easier 
(Gajewski et al., 2012). It also shows less water absorption, a higher modulus of elasticity 
and increased flexural strength when compared to Bis-GMA (Gajewski et al., 2012; 
Braden and Davy, 1986).  
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The main drawback of using UDMA as a base monomer is that it still has a high viscosity 
and multiple functional groups. It is for this reason that it is commonly combined with a 
less viscous monomer such as TEGDMA (Reed et al., 1997; Ferracane, 1995). The 
disadvantage of the use of TEGDMA as a diluent monomer is that it leads to increased 
polymerisation shrinkage (Yap et al., 2000). At the very beginning of the current study 
we followed the protocol of Okada et al. (2014), and the UDMA-TEGDMA was 
polymerised at a temperature of 120°C for 2 hrs. However, this led to the formation of 
cracks and bubbles within the polymer matrix. As a result we used a different heat cycle, 
following the work of Chaiyabutr et al. (2009) and modified by the author. This was 
achieved by curing initially at 50°C for 1 hr, followed by 60°C for 1 hr, 70°C for 1 hr, 80°C 
for 1 hr and finally 90°C for 12 hrs, to allow complete polymerisation with fewer cracks 
and bubbles.  
SEM has been used previously to examine the microstructure of experimental dental 
interpenetrating phase composites (Coldea et al., 2013; Della Bona et al., 2014; Nguyen 
et al., 2012). In the present study, SEM was used to evaluate the effect of the volume of 
ceramic in the initial solid loadings on the degree of porosity, along with any changes in 
the morphology of the pores themselves in the ceramic frameworks (Figure 5-2). 
The SEM images show the presence of a small proportion of empty pores within the 
composite materials. The reasons for this might include: the hydrophobic nature of 
alumina, incomplete wetting of the ceramic walls by the silane coupling agent, the 
presence of closed pores and problems with the infiltration process itself, such as an 
incomplete vacuum, insufficient pressure or the incorrect temperature. 
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 Al₂O₃-PC interpenetrating phase composite   
Polycarbonate has been widely used to construct orthodontic brackets due to good 
aesthetics, biocompatibility and reasonably good mechanical properties (Freilich et al., 
1998; Russell, 2005). In terms of aesthetics the internal transmission of light in 
polycarbonate is almost the same as that of glass (Moretti et al., 2017). However, the 
problem with pure polycarbonate brackets is the low abrasion resistance of the material 
and a tendency to creep under applied load (Feldner et al., 1994; Ali et al., 2011). 
In this part of the study, in order to produce an Al₂O₃-PC interpenetrating phase 
composite, the PC was heat-pressed into the porous ceramic preforms. Polycarbonate is 
an amorphous thermoplastic, with a glass transition temperature of approximately 
147°C, above which it softens until it begins to flow at approximately 155°C (Strabala, 
2009). At this point it can be moulded and so can be infiltrated into a second phase to 
form a composite. This infiltration process can be affected by a number of parameters 
including the porosity and the thermal conductivity of the second phase, and the heat 
and load applied during processing. An incorrect combination of these parameters may 
result in incomplete infiltration.  
The process of in situ infiltration of PC into a porous ceramic preform utilised in this 
study has not been reported elsewhere in literature, and as a result the parameters 
necessary for successful infiltration had to be investigated. One such parameter was the 
temperature for PC infiltration. Although the advice from the manufacturer of the PC 
was that it would begin to flow at a temperature of 150°C and above, it can be seen in 
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Figure 5-3 that it was necessary to experiment with temperatures of 200°C, 225°C, 
250°C, 270°C and 300°C. At temperatures of less than 250°C no infiltration of the PC into 
the ceramic phase took place. At 250°C and 270°C, flow of the PC into the ceramic was 
effective. At a temperature above 300°C the PC underwent decomposition. For this 
reason, subsequent experiments used a temperature of 250°C.  
The second important parameter for successful infiltration was the applied load. Initially 
in the present study, a dye machine was tested as a means of applying sufficient force 
for infiltration. Unfortunately, the force applied, as well as the heat control, was poorly 
suited to the purpose, as the machine was made to apply much higher forces for 
pharmaceutical applications. In addition, the heating device added to the machine used 
an external temperature controller, which resulted in poorly controlled heat distribution 
across the dye machine. The minimum load applied by the dye machine resulted in 
cracks and fracture lines within the ceramic preform (Figure 5-3).  
As a result, the infiltration procedures were instead performed in an oven, with the 
ceramic and PC sitting in a mould, on top of which was a stainless-steel weight applying 
a maximum force of 400 N. This allowed for improved control of both heat and pressure, 
which was easily reproducible and resulted in infiltration of the polymer into the ceramic 
preform up to a depth of 5 mm, as can be seen in Figure 5-4. A disadvantage of this 
technique was the difficulty in manipulating both the weights and specimens at such 
high temperatures within the oven.  
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In this study, we were only able to infiltrate the PC to a depth of approximately 4 mm 
into the porous ceramic preforms. This was probably due to the viscous nature of PC 
(Senden et al., 2012) and the inadequacy of the infiltration equipment and procedures 
used in this study. The high melting temperature and viscosity of PC makes fabricating 
composites difficult (Wang et al., 2007). A higher load applied during the infiltration 
process might have been more effective, but no such equipment was available to us.  
Porous ceramic preforms with different initial solid ceramic loadings of 10, 20 and 30 
vol.% were infiltrated with PC in this study. Initially, when looking at the SEM images in 
Figures 5-5 and 5-6, the infiltration process of the PC into the ceramic frameworks was 
effective and appeared unaffected by the initial solid ceramic loadings. This was not the 
case when the specimens were studied in the direction of freeze-casting. It can be seen 
in Figure 5-7 that a deeper PC infiltration occurred where the initial solid loading of 
ceramic was less, and therefore the pore structure was larger. Therefore, penetration 
was deeper in the case of the 20 vol.% initial solid loading when compared with the 30% 
vol (Figure 5-7). However, where the initial ceramic solid loading was only 10 vol.%, the 
ceramic preform had a tendency to fracture during the infiltration process.  
 Ceramic volume fraction of the interpenetrating phase composite   
The initial solid ceramic loading in the aqueous suspensions governed the overall volume 
of the ceramic in the resultant interpenetrating phase composite materials. The higher 
the initial solid loading, the higher the overall ceramic volume, as can be seen in Figures 
5-8 and 5-9. To evaluate exclusively the volume fraction of ceramic in the 
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interpenetrating phase composite material, it was necessary to burn out the polymer 
phase. This was completed in an oven by heating to 600°C at a very slow rate of 2°C/min. 
The method has previously been shown to lead to complete degradation of both UDMA-
TEGDMA and PC polymer contents, but with no significant effect on the ceramic content 
(Petrini et al., 2013; McNeill and Rincon, 1993; Santana et al., 2011).  
Previously it has been shown that when the initial solid ceramic loading of the aqueous 
suspension increases, the porosity in the final porous ceramic preform decreases 
(Fukasawa et al., 2001b; Sofie and Dogan, 2001; Deville et al., 2007). This reduction in 
porosity explains the reduction in the polymer volume in the interpenetrating phase 
composite with higher initial solid loading. Moreover, a higher solid ceramic loading in 
the suspension means a lower water content, resulting in smaller ice crystal formation, 
smaller pores with thicker ceramic walls and therefore an overall higher ceramic 
fraction. 
 MicroCT analysis of the interpenetrating phase composites 
In order to fabricate a material that is inspired by nature, material architecture is of 
considerable importance, as this will be directly linked to its ultimate performance and 
mechanical properties (Hollister, 2005). The aim of using MicroCT in the present study is 
to characterise the structure of the ceramic/polymer interpenetrating phase 
composites. MicroCT has been previously used to investigate porous structures 
produced using freeze-casting (Cheng et al., 2016; Lee et al., 2017; Zhang et al., 2017), as 
well as to examine orthodontic bracket materials (Öztürk et al., 2015).  
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The MicroCT images (Figures 5-10), just like the SEM images, illustrate how the porous 
ceramic preforms comprised a 3D honeycomb-like porous structure, consisting of three 
distinct phases. In each case almost complete interpenetration of the polymeric matrix 
into the ceramic phase could be seen. Within the ceramic phase, the polymer phase 
occupies the space created by the original ice crystals produced during freeze-casting. 
The third, lesser phase seen in the image was entrapped air. This air, although 
comprising less than 2 vol.% of the composite, may well represent an area of weakness. 
Such air inclusions may well be due to air bubbles trapped during the polymerisation 
process, or they maybe as a result of closed pores within the porous ceramic preform. In 
the case of the latter, back pressure would prevent full penetration of the polymer. 
Although unwanted, even within more traditional interpenetrating phase composites 
used as dental restorations, the formation of some areas of void or air inclusion is 
almost inevitable (De Santis et al., 2005). Table 5-1 shows the volume fraction of ceramic 
and polymer in the specimen based on the data provided by MicroCT (56.90 vol.% 
ceramic fraction). These results are slightly different from the physical values obtained 
by burning the polymeric phase (50.89 vol.% ceramic fraction). This can be attributed to 
the fact that MicroCT is a sensitive technique that depends on differences in material 
densities (McCollough et al., 2015). Moreover, individual scanning parameters and the 
image reconstruction can influence quantitative results. 
When looking at Figure 5-12, we can see that interpenetrating phase composite material 
produced from an initial solid ceramic loading of 20 vol.% was characterised by larger 
pores (originally ice crystals), when compared to interpenetrating phase composite 
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material produced from initial solid ceramic loading of 30 vol.%. This illustrates the 
effect of increasing initial solid ceramic loading in the aqueous suspension on the final 
structure of the ceramic preform in the novel interpenetrating phase composite. 
 The graded and anisotropic structure of the interpenetrating phase 
composite 
It was anticipated that the microstructural properties, as well as the ceramic volume 
fractions, would differ according to distance from the initial freezing front and therefore 
the temperature gradient created within the freeze-casting apparatus. In order to test 
this, the material was tested at three levels with respect to the freezing direction, 
namely the bottom level (ceramic rich layer near the cooling plate), the middle level 
immediately above this bottom level, and the top layer (polymer rich layer). 
Measurements of mechanical and surface properties were made in order to determine 
which might be the best potential material for future clinical use. For example, a bracket 
that is characterised by a ceramic rich outer layer might help with the aesthetic 
properties and abrasion resistance, while a relatively low hardness polymer rich inner 
phase might aid bonding and also safer debonding.  
A layer of 3 mm was removed from the base of the specimens prior to any preparation 
as this layer contained closed pores and random ceramic particle distribution with poor 
mechanical properties, as demonstrated by previous researchers (Petrini et al., 2013; 
Deville et al., 2007). The ceramic volume fractions of the remainder of the specimen in 
each case were higher at the bottom layer when compared to the middle and the top 
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layers. This might be explained by the presence of larger pores when moving away from 
the cooling plate and with a cooling temperature difference of -10°C to 20°C (Figure 5-
13). Deville et al., (2006a) reported such changes in freeze-cast porous ceramic 
structures. These changes could be attributed to differences in the solid ceramic 
loadings within the suspensions of the ceramic particles and the changing morphology of 
the growing ice crystals.  
Moreover, a previous study by Petrini et al., (2013) confirmed the anisotropy of freeze-
cast porous alumina preforms infiltrated with epoxy resin. Their results showed differing 
mechanical properties of specimens from two different levels with respect to the 
freezing direction. It is worth noting that the freeze-casting technique presented here 
creates a gradient from a denser to a more porous ceramic. By altering the processing 
parameters, it is possible to control the porosity and pore size within the preform, as can 
be seen from the MicroCT 3D images in Figure 5-14. 
 Effect of the interpenetrating phase composite characteristics on 
density  
The density values of composite materials are usually closely related to their mechanical 
properties (Coldea et al., 2013). The mean values of the density of the ceramic/polymer 
interpenetrating composites reported in the present study ranged from 1.79 to 3.36 
g/cm³. When looking at these density values, we can see they range between those of 
the dense alumina and the pure polymers. The results obtained demonstrated an 
increase in the density of all interpenetrating phase composite materials with increasing 
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ceramic volume fractions, as might be expected, and as can be seen in Figures 5-15 and 
5-16. 
Coldea et al. (2013) reported the density of experimental polymer-infiltrated-ceramic 
networks ranged from 1.45 to 1.76 g/cm³, which is lower than the density reported in 
the present study. This may be due to the fact that they used feldspar ceramic as their 
primary ceramic preform with a density of 2.44 g/cm³, which is much lower than that of 
alumina (3.90 g/cm³). In addition, the density values of the interpenetrating phase 
composites in the present study were higher than the mean density value reported for 
VITA Enamic® (2.1 g/cm³) (Della Bona et al., 2014), slightly lower than that of dentine 
(2.96 to 3.02 g/cm³) and comparable to that of enamel (1.96 to 2.4 g/cm³) (Lin et al., 
2010; Bajaj et al., 2008). When comparing the density values of the Al₂O₃-UDMA-
TEGDMA composites with those of the Al₂O₃-PC, there was little difference. This may be 
due to the fact that the density value of the pure PC (1.20 g/cm³) was similar to that of 
pure UDMA-TEGDMA (1.15 g/cm³), and that the biggest determinant of the density of 





In the present study, ceramic/polymer interpenetrating phase composites with a unique 
graded structure have been developed, taking inspiration from natural materials. In the 
previous Chapters, it has been shown how a gradient structure can be created within the 
ceramic preform. It has also been shown that it is possible to infiltrate the preform with 
either UDMA-TEGDMA or PC. In the case of Al₂O₃-UDMA-TEGDMA, interpenetrating 
phase composites were fabricated by heating in the presence of a vacuum. This 
permitted infiltration of the ceramic preforms by the polymer, creating intimate contact 
at the interface of the two materials and with very few air inclusions, as shown by SEM 
and MicroCT. However, in the case of Al₂O₃-PC it was necessary to use a heavy weight in 
the presence of heat to achieve the same degree of polymer infiltration. Increasing the 
initial solid ceramic loading in the aqueous suspensions resulted in the production of 
interpenetrating phase composites with higher ceramic volume fractions, smaller pores 
and thicker pore walls. The densities followed a linear relationship with respect to the 
ceramic volume fraction, with higher ceramic volumes resulting in increased densities. 
The composites produced were characterised by a gradient structure. This unique 
structure could have potential in fabricating orthodontic brackets, with the ceramic rich 
layer exposed to the oral cavity able to resist wear and provide aesthetics, and the 








Chapter 6. Mechanical characterisation of ceramic/polymer 
interpenetrating phase composites 
6.1 Introduction 
Ideal dental materials should mimic tooth structure and its mechanical properties. An 
orthodontic bracket material that is strong enough to withstand and transfer the applied 
loads during orthodontic treatment and is aesthetically acceptable is desirable. The 
commercially available polymeric brackets have the disadvantages of slot deformation 
and creep during archwire ligation or tooth movements due to low strength properties 
(Dobrin et al., 1975, Russell, 2005, Faltermeier et al., 2007a, Nishio et al., 2009, Möller et 
al., 2009). Moreover, the major drawbacks of ceramic brackets are their low fracture 
toughness and brittleness leading to occasional fracture (Birnie, 1990, Jena et al., 2007).  
In restorative dentistry, composites are widely used due to a combination of relatively 
good mechanical properties and good aesthetics. Since their introduction many efforts 
have been made to tailor their performance to clinical need (Ferracane, 2005). The 
mechanical properties of experimental polymer-infiltrated-ceramic-network materials, 
introduced for dental restorative applications, have previously been reported (He and 





The aim of the present study is to produce a novel composite material, composed of 
porous alumina scaffold infiltrated with either UDMA-TEGDMA or PC polymers, that 
mimics the structure of teeth and that could be used as an aesthetic orthodontic bracket 
material. It is hoped such a material would have enhanced mechanical properties 
compared to conventional aesthetic orthodontic bracket materials.  
In previous Chapters the fabrication and structure of two novel ceramic/polymer 
interpenetrating phase composites have been described. In this Chapter the results of 
mechanical testing to failure, both qualitative, describing the path of the crack 
propagation during fracture, and also quantitative, describing the effects of the ceramic 
volume fraction on the compressive and flexural strengths, modulus of elasticity and 
fracture toughness, will be described. The final volume fraction of the ceramic in the 
ceramic/polymer interpenetrating composites will be described here instead of the 
initial solid ceramic loading previously used in Chapters 3, 4 and 5.  
6.2 Results 
 Compressive strength 
Al₂O₃-UDMA-TEGDMA interpenetrating phase composites with different ceramic 
fractions, along with dense alumina and pure UDMA-TEGDMA blocks, were subjected to 
compression testing in a universal testing machine. The compression force was directed 
along the long axis of the specimens and parallel to the direction of the freeze-casting. 
The compressive strength measurements were plotted versus the ceramic volume 









Figure 6-1. Means and SD for compressive strength (MPa) of the Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composites in relation to the ceramic volume fractions (six 
specimens per material). The force was applied parallel to the freezing direction. The 
mean compressive strength of Al₂O₃ was 2358.08 ± 640.56 MPa, and for UDMA-
TEGDMA was 129.95 ± 10.86 MPa. 
When looking at the compressive strengths (MPa), we can see there is an increase with 
increasing ceramic fraction from 15 to 52 vol.%. However, above 52 vol.% ceramic 
fraction the compressive strength declined. The Al₂O₃-UDMA-TEGDMA interpenetrating 
phase composites containing 50.89 vol.% ceramic fraction showed the highest 
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For the Al₂O₃-PC interpenetrating phase composites, the compressive strength was 
evaluated only for composites containing 34.20 and 51.46 vol.% ceramic fraction. Once 
again compressive strength increased with increasing ceramic fraction (vol.%) as can be 







Figure 6-2 Means and SD for compressive strength (MPa) of Al₂O₃-PC interpenetrating 
phase composites in relation to the ceramic volume fractions. The force was applied 
parallel to the freezing direction. The mean compressive strength of Al₂O₃ was 2358.08 ± 
640.56 MPa and for PC was 131.40 ± 11.21 MPa. 
 
When comparing the mean compressive strength of 35.38 vol.% ceramic fraction Al₂O₃-
UDMA-TEGDMA composite (179.42 MPa) with that of 34.20 vol.% ceramic Al₂O₃-PC 
composite (192.43 MPa), we can see Al₂O₃-PC was slightly higher than that of Al₂O₃-
UDMA-TEGDMA. The same was true for 50.89 vol.% ceramic fraction Al₂O₃-UDMA-
TEGDMA composite (253.97 MPa) and 51.46 vol.% ceramic Al₂O₃-PC composite (274.91 
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MPa. Pure UDMA-TEGDMA and PC had compressive strength values of 129.95 and 
131.40 MPa respectively, which was higher than that of composite materials containing 
less than 30 vol.% ceramic fraction.  
Although compressive strengths increased with increasing ceramic fraction, this 
relationship is complex. Below 30 vol.% ceramic fraction, the compressive strength is 
less than that of the pure polymers, while above 50 vol.% ceramic fraction, this positive 
correlation with ceramic fraction plateaus and may even fall. Although dense alumina 
showed mean compressive strength values of 2358.08 MPa, which was much higher that 
of the composite materials under test, when failure occurred it was sudden and 
catastrophic, unlike the composite materials where crack propagation was much more 
gradual before eventual failure.  
 Flexural strength 
The flexural strength of each composite material was again investigated in relation to 
the ceramic volume fraction. Specimens were subjected to three-point bend tests and 
Figure 6-3 summarises the mean and SD (MPa) of flexural strength for Al₂O₃-UDMA-









Figure 6-3. Means and SD for flexural strength (MPa) of the Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composites in relation to the ceramic volume fraction (six 
specimens per material). The force was applied parallel to the freezing direction. The 
mean flexural strength of Al₂O₃ was 249.30 ± 72.15 MPa and for UDMA-TEGDMA was 
111.91 ± 26.21 MPa.  
The means and SD for flexural strength of the Al₂O₃-PC interpenetrating phase 






























Table 6-1. Means and SD for flexural strength (MPa) of the Al₂O₃-PC interpenetrating 
phase composites in relation to the ceramic volume fractions. The force was applied 
parallel to the freezing direction. The mean flexural strength of Al₂O₃ was 249.30 ± 72.15 
MPa and of PC was 122.49 ± 5.73 MPa.  
It is clear from Figures 6-3 and Table 6-1 that there is a difference in the flexural strength 
between different materials, with a clear trend for the flexural strength to increase with 
increasing ceramic volume fraction. Moreover, pure polymer specimens showed flexural 
strength values higher than those for composite materials with less than 30 vol.% 
ceramic fraction.  
 Modulus of elasticity 
Modulus of elasticity was determined from the three-point bend tests. Figure 6-4 
illustrates the modulus of elasticity of the of Al₂O₃-UDMA-TEGDMA interpenetrating 
phase composites with different ceramic fractions. 
Ceramic fraction (vol.%) Flexural strength  SD 
34.20 192.43 5.97 










Figure 6-4. Means and SD for modulus of elasticity (GPa) of the Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composites in relation to the ceramic volume fractions (six 
specimens per material). The force was applied parallel to the freezing direction. The 
mean modulus of elasticity value of Al₂O₃ was 118.50 ± 17.14 GPa and of UDMA-
TEGDMA was 1.17 ± 0.01 GPa. 
When looking at the modulus of elasticity of Al₂O₃-UDMA-TEGDMA composites (Figure 
6-4) we can see that the modulus increases with increasing ceramic volume fraction, 
ranging from 1.48 to 16.56 GPa.  
For the Al₂O₃-PC interpenetrating phase composite, again the modulus of elasticity 
increased from 0.72 to 15.17 GPa, with an increase in the ceramic fraction from 34.20 to 

































Figure 6-5. Means and SD for the modulus of elasticity (GPa) of the Al₂O₃-PC 
interpenetrating phase composites in relation to the ceramic volume fractions. The force 
was applied parallel to the freezing direction. The mean modulus of elasticity of Al₂O₃ 
was 118.50 ± 17.14 MPa and of PC was 1.50 ± 0.37 MPa. 
 Mechanical characterisation under different test conditions 
When materials produced by freeze-casting are investigated, it is very important to test 
the materials with respect to their anisotropic characteristics. In other words, they 
should be tested both parallel and perpendicular to the direction of freeze-casting. For 
the Al2O3-UDMA-TEGDMA composite materials three-point bend tests were performed. 
For the Al₂O₃-PC composites compression testing was used due to the limited 




6.2.4.1   Al2O3-UDMA-TEGDMA interpenetrating phase composites 
The flexural strength of each Al2O3-UDMA-TEGDMA composite was compared in two 
directions, namely parallel and perpendicular to the direction of freeze-casting, and with 
respect to the ceramic scaffold fraction by volume, as can be seen in Figure 6-6. When 
looking at Figure 6-6, we can see there was a slight increase in flexural strength when 
specimens were tested perpendicular to the direction of freeze-casting, compared to 
those tested parallel to this direction. This was the case for all specimens except for the 
61.17 vol.% ceramic fraction. There was also a clear trend of increasing flexural strength 
with increasing ceramic volume fraction in both directions.  
 
Figure 6-6. Means and SD for flexural strength (MPa) of the Al2O3-UDMA-TEGDMA 
interpenetrating phase composites in relation to the ceramic volume fractions. The 
three-point bend force was applied in 2 planes: parallel (Blue) and perpendicular (Red) 

























6.2.4.2   Al₂O₃-PC interpenetrating phase composites 
When looking at the compressive strength with respect to the anisotropy of the 
material, we can see that with the Al₂O₃-PC interpenetrating phase composites there 
was again a slight increase in compressive strength when tested perpendicular to the 
direction of freeze-casting, as opposed to parallel to the direction of freeze-casting.  
For the Al₂O₃-PC interpenetrating phase composites containing 51.46 vol.% ceramic 
fraction, there was a slight increase in strength from 274.91 to 285.15 MPa when the 
testing direction changed from parallel to perpendicular. For the Al₂O₃-PC 
interpenetrating phase composites containing 34.20 vol.%, the increase was from 192.43 
to 198.26 MPa, as can be seen in Figure 6-7. 
 
Figure 6-7. Means and SD for compressive strength (MPa) of the Al2O3-PC 
interpenetrating phase composites in relation to the ceramic volume fractions. The force 





























 Crack propagation during three-point bend testing 
SEM images in Figure 6-8 were taken for the 50.89 Al2O3-UDMA-TEGDMA 
interpenetrating phase composites after three-point bend testing in order to evaluate 
the nature of the fracture propagation.  
 
Figure 6-8. SEM images illustrating the fracture line after three-point bend testing. 
Yellow arrows indicate the areas of crack deflections. Magnification x 180, x 400, x 800. 
When looking at the images in Figure 6-9, we can see that the fracture lines follow a 
tortuous path through the ceramic phase and also the ceramic/polymer interface. No 
cracks were observed purely in the polymer fraction. 
 Fracture toughness 
Fracture toughness testing was performed on the Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composite materials containing 61.17 and 50.89 vol.% ceramic 
fraction. For the Al₂O₃-PC interpenetrating phase composite materials, 51.46 and 34.20 
vol.% were the materials of choice. The fracture toughness values for the Al₂O₃-UDMA-









Figure 6-9. Means and SD for fracture toughness (MPa.m½) of Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composites in relation to the ceramic volume fractions. 
The DIC system was used to record the strain and the crack propagation behaviour to 
produce sequential images that show the crack propagation, as can be seen in Figure 6-
10.  
 
Figure 6-10. DIC images following fracture toughness measurements. A: Before failure. 
B: After failure. 
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For the Al₂O₃-PC interpenetrating phase composite, the fracture toughness 







Figure 6-11. Means and SD for fracture toughness (MPa.m½) of Al₂O₃-PC interpenetrating 
phase composite in relation to the ceramic volume fractions.  
It can be seen that the fracture toughness observed for the Al₂O₃-PC composite was 
lower than those for the Al2O3-UDMA-TEGDMA. This might be explained by the fact that 
the testing standard ASTM (2011) advised the depth of the specimen to be around 4 
mm. In the case of the Al₂O₃-PC composite, consistent infiltration of the 12 test 
specimens to this depth was problematic. For the compression and three-point bend 
testing, materials were produced from specimens which were 2 mm in depth only, at 
which depth proper infiltration was less of an issue.  
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The MicroCT images (Figure 6-12) show the path of the crack propagation following the 
fracture toughness testing of the Al₂O₃-UDMA-TEGDMA composites. The fracture line 
can be seen to pass right through the composite.  
The fracture lines can be seen as a black line which is highlighted in yellow in the 
adjacent images. The bulk of the composite structure remained stable and intact and 
unlike pure ceramic the failure was not sudden. 
 
Figure 6-12. MicroCT 3D images showing the fracture line of the 51.46 vol.% ceramic 
fraction Al₂O₃-PC interpenetrating phase composite materials from two sides of the 
specimen. The yellow represents the fracture line propagation. White arrows indicate 




Previous research has investigated the mechanical properties of hybrid materials 
produced using freeze-casting and isostatic pressing, but with restorative uses in mind 
rather than as possible orthodontic bracket materials (Petrini et al., 2013; Li et al., 2017). 
In addition, Petrini et al. (2013) used epoxy as the infiltrating polymer, which can be 
carcinogenic in the oral cavity, and Li et al. (2017) used a different ceramic material, 
namely zirconia. Pure zirconia has been used as an orthodontic bracket material, but has 
very poor aesthetic qualities (Keith et al., 1994; Springate and Winchester, 1991). Also, 
none of the previous studies describe materials characterised by a honeycomb-like 
structure.  
There is still limited data in the literature regarding a precise and thorough investigation 
of the mechanical behaviour of freeze-cast materials. The reason for this might be the 
number of the confounding factors when reporting such data. The mechanical 
properties of the material will depend on the nature of the material, the pore 
dimensions, the direction and morphology of the pores and their structural integrity. It is 
perhaps hardly surprising that mechanical testing and subsequent comparisons may not 
be straight forward. The role of the pore size, morphology and distribution over the 
mechanical response is complex and has not been fully investigated, but will likely play a 
critical role in the mechanical response and failure behaviour of the ceramic phase 
network (Deville, 2010). Furthermore, the strength of ceramic in general is a complex 




The mechanical properties of the Al₂O₃-UDMA-TEGDMA interpenetrating phase 
composite materials (compressive test, three-point bend test and modulus of elasticity) 
were tested at three different levels within a single specimen: the bottom, middle and 
top. This was completed to determine the effect of distance from the freezing front, and 
therefore ceramic content on the properties of the final composite, and to see which 
might possess the best properties for use as an orthodontic bracket material.  
As already described, the mechanical properties of polymer-infiltrated-ceramic 
composite materials can be enhanced by carefully designing their architecture and their 
constituent ceramic scaffolds (Launey et al., 2009; Coldea et al., 2013). An advantage of 
polymer-based materials is their property of plastic deformability, which can minimise 
the spontaneous fracture of the ceramic matrix (Alt et al., 2011; Balkenhol et al., 2008). 
For composite materials, the degree of polymer enhancement to the ceramic in the final 
structure depends on both the degree of polymer infiltration (connected porosity) and 
the polymer chemistry. For all the experimental composites the dimensions varied by ± 
0.5 mm, due to the sensitive preparation techniques. However, every effort was made 
to ensure the specimens were flat and had parallel sides. This was important, as the 
conditions under which the mechanical properties were measured, such as specimen 
dimensions and experimental setup, are very important in the determination of the 
measured properties and their reproducibility in a uniform and consistent manner 
(Deville et al., 2015).  
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 Effect of the microstructure on compressive strength 
Compressive strength testing is considered an important in vitro analysis to characterise 
dental materials and for simulating to some degree the forces they might be subjected 
to clinically (Kelly, 1999). 
The compressive strength values of the ceramic/polymer composites containing more 
than 30 vol.% ceramic fraction ranged between 143 to 274.91 MPa, although lower than 
dense alumina (2358.08 MPa), were higher than that of PC (131.4 MPa), UDMA-
TEGDMA (129.95 MPa) and enamel (62 to 89 MPa), and were comparable to that of 
dentine (194 to 224 MPa) and resin composite (265 to 290 MPa) (Chun et al., 2014; Xu 
and Burgess, 2003). This may be attributed to the combination of the properties of 
alumina and the polymers and their complex interrelationship. For the experimental 
composite materials containing less than 30 vol.% ceramic fraction, the reduced 
mechanical properties are probably due to the lower volume fraction of ceramic, which 
provides the composites with their stiffness. Moreover, the primary ceramic preforms 
containing less than 30 vol.% ceramic fraction were characterised by relatively higher 
porosities, which resulted in increased brittleness of the composite materials despite the 
fact that they were toughened by a second flexible phase.  
Interestingly the compressive strength values were lower than those reported by Petrini 
et al. (2013), which were 222 MPa for the composite materials produced from a porous 
alumina scaffold (with 20 vol.% initial solid ceramic loading). However, not only was 
their ceramic infiltrated with epoxy polymer as the second phase, which might have had 
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an effect, but they also used sapphire platelet-like alumina powder in addition to the 
alumina as the ceramic component in the initial aqueous suspension.  
Regarding the effect of the ceramic volume fraction on the Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composite material, there was a large difference between the 
compressive strengths of the Al₂O₃-UDMA-TEGDMA interpenetrating phase composites 
with an 18.83 vol.% ceramic fraction, compared with those with a 60.17 vol.% ceramic 
fraction (Figure 6-1). The interesting finding of the compressive strength results are that 
composites with 50.89 vol.% ceramic fraction showed the highest strength. This may be 
explained by the differences in the composition, microstructure and the presence of 
both ceramic and polymer in the same volume fractions in the composite material, 
leading to improved compressive load distribution. These results may also be attributed 
to the porous ceramic scaffold fabrication process (freeze-casting) and the resultant 
structure and porosity. When looking at the effect of the ceramic volume fraction for the 
Al₂O₃-PC interpenetrating phase composite material, we can see that the compressive 
strength increased from 192.43 to 274.91 MPa when the ceramic fraction in the 
composite increased from 34.20 to 51.46 vol.%. It has been reported in previous 
research that higher compressive strengths can be attained by changing the initial solid 
ceramic loading (Mozafari et al., 2010; Deville et al., 2015).  
At the end of each test the composites, although appearing smaller in the direction of 
the applied force, did maintain their overall shape and structure, which might be the 
result of the presence of the flexible polymeric phase.  
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 Effect of the microstructure on flexural strength 
The flexural strength (three-point bend test) is the maximum observed stress of a 
material when loaded in the middle and supported at each end. This test determines 
both the strength and distortion of the specimen. The formation of cracks leading to 
failure of a material usually starts from a surface or internal flaw or void, and then 
penetrates to the interface of the grains or weaker phases in the material (Meyers et al., 
2008). Flexural strength is considered to be a critical mechanical parameter when brittle 
materials such as ceramics are being evaluated. According to Pereira et al. (2003), the 
flexural strength test deserves particular attention, because it measures tension and 
compression acting together, perhaps more closely simulating clinical conditions.  
The three-point bend test is one of three standard tests used to determine the flexural 
strength of dental materials (with the others being the biaxial flexure test and the four-
point bend test). Although composite materials are well known for presenting with 
highly variable flexural strengths due to their unpredictable flaw distribution (Rezwan et 
al., 2006), the ISO standard test to determine the strength of ceramic based dental 
materials remains the three-point bend test. 
In the present study, the mean flexural strength of UDMA-TEGDMA was 111.91 MPa and 
for PC was 122.49, whereas that of dense alumina was much greater at 246.3 MPa. The 
flexural strength of the Al₂O₃-UDMA-TEGDMA composite tested parallel to the direction 
of freezing was found to range from 28.28 to 145.65 MPa, as can be seen in Figure 6-3. 
The flexural strength of the Al₂O₃-Pc composite tested parallel to the direction of 
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freezing was found to be 105.54 MPa and 148.47 MPa for the 34.20 and 51.46 vol.% 
ceramic fractions respectively (Table 6-1). This would suggest that the greater the 
inorganic content in the novel composite material, the higher its flexural strength. This is 
in agreement with previous studies on dental composite materials (Inoue et al., 1994; 
Kim et al., 2002). Once again, the flexural strength mean values ranged between the 
values of the pure polymer, in both cases, and the dense ceramics, which implies a 
reinforcement mechanism of the two phase material compared to the single 
components. When the ceramic fraction was more than 53 vol.% of the Al₂O₃-UDMA-
TEGDMA composite, the flexural strength was more than 140 MPa. 
These results are comparable to the results reported by Coldea et al. (2013) for 
experimental UDMA-TEGDMA infiltrated porous sintered feldspar ceramic networks 
(125 to 160 MPa). But they were slightly lower than the values reported by Okada et al. 
(2014) (110 to 200 MPa). This might be explained by the fact that Okada et al. (2014) 
used a filler press moulding, rather than freeze-casting to produce their porous ceramic 
network, which could result in fewer flaws and also fewer micropores in the final 
composite material. It should be noted that the quality of press moulded porous ceramic 
structure is not always predictable due to residual pores that can occur as a result of 
incomplete compaction, density variation within the material, inhomogeneous pore 
distribution (Niesz, 1996) and the inability to produce graded porous structures, which is 
a significant advantage of using freeze-casting. 
Li et al. (2017) reported the flexural strength of their BisGMA-TEGDMA-infiltrated 
zirconia networks ranged from 110 to 240 MPa, which again is higher than the values 
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obtained in the present study. However, zirconia was not used as it has been shown to 
demonstrate poor aesthetic properties when compared with the alumina used in the 
present study (Keith et al., 1994; Springate and Winchester, 1991). It is also interesting 
to observe that composites obtained using a similar freeze-cast process by Petrini et al. 
(2013) showed higher flexural strengths (183 to 213 MPa) than our composites, even at 
lower ceramic loadings. This might be due to the use of different polymers, different 
binders (PVA) or different ceramics, such as sapphire platelet-like alumina powder that 
might enhance the mechanical performance (Petrini et al., 2013). The values observed in 
the current study were nevertheless higher than that found for feldspathic porcelain(69 
MPa) (Giordano II et al., 1995), and slightly higher than traditional dental composites 
(103 to 107 MPa) (Yao et al., 2014), but lower than dentine 212.9 MPa and commercially 
sintered polycrystalline alumina brackets (280 MPa) (Plotino et al., 2007; Swartz, 1988).  
The ceramic materials used in orthodontics are brittle since there is no mechanism that 
permits permanent deformation. As a result, a sudden catastrophic fracture under 
clinical conditions may occur, which poses a real concern to clinicians and patients. In 
order to improve the flexural strength, and to reduce the tendency to sudden failure, a 
propagating crack needs to be inhibited from progressing either by blunting, or by being 
deflected to take a more tortuous path through a material. Taking a more tortuous path 
requires more energy for the crack to propagate and therefore makes it less likely the 
material will fail. In the composite materials produced in this study, the cracks induced 
appeared to be deflected by the polymer-ceramic interfaces (Figure 6-8). As a result, the 
ceramic/polymer interpenetrating phase composites seem more likely to fail in a gradual 
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rather than sudden manner, which might otherwise result in soft tissue injury or a 
foreign body inhalation.  
 Effect of the microstructure on modulus of elasticity 
Modulus of elasticity is useful as a measure of a material’s resistance to elastic 
deformation when a force is applied and represents the stiffness of a material within the 
elastic range. Materials such as polymers have low values for modulus of elasticity, 
whereas ceramics have much higher values (Wong and Bollampally, 1999).  
In the present study, the modulus of elasticity was found to range from 1.48 to 16.56 
GPa for the experimental ceramic/polymer composite materials, 118.5 GPa for the 
dense pure alumina, 1.17 GPa for pure UDMA-TEGDMA and 1.5 GPa for pure PC (Figures 
6-5 and 6-6). As expected, modulus of elasticity fell with increasing ceramic porosity 
(Asmani et al., 2001). Even the pure alumina samples fabricated in the present study had 
a lower modulus of elasticity (118.5 GPa) than otherwise relatively pure alumina (300 
GPa). It is to be expected that modulus of elasticity will fall with increasing ceramic 
porosity (Asmani et al., 2001) and in this case the pure dense ceramic may have had 
some porosities present. The modulus of elasticity of PC was also lower that what had 
been reported previously (2.0 to 2.4 GPa) (Eliades, 2007), which again might be 
explained by different fabrication methods and the probability of the presence of micro 
pores in the specimens produced in the present study.  
The modulus of elasticity for the Al₂O₃-UDMA-TEGDMA interpenetrating phase 
composite materials containing more than 40 vol.% of ceramic was found to range from 
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13.80 to 16.56 GPa, which is comparable to those of dentine 11 to 19 GPa, lower than 
those of other polymer infiltrated ceramic network materials 16 to 28 GPa (Coldea et al., 
2013) and comparable to those of hybrid filler resin composite restorative materials 6-
21 GPa (Beun et al., 2007) , and slightly higher than the values reported for other 
polymer-infiltrated-ceramic material (9 GPa) by Petrini et al. (2013). These differences 
can be accounted for by the differences in the materials used to fabricate the porous 
ceramic scaffolds, the different fabrication methods and the different polymers used as 
the second phase. For example, zirconia was utilised by Coldea et al. (2013) to increase 
the toughness characteristics of the resultant composite material, and they used 
pressing to fabricate the porous scaffold. Also, Petrini et al. (2013) used sapphire 
platelet-like alumina powder in their ceramic scaffold to increase the strength and their 
porous scaffold and they were characterised by a lamella rather than a honeycomb-like 
structure.  
 Mechanical anisotropy of biomimetic ceramic/polymer interpenetrating 
phase composites 
As the composite materials in the current study are primarily porous ceramic structures 
obtained by freeze-casting, testing in a direction perpendicular to the freeze-casting 
process not surprisingly produced results that differed to those observed when tested 
parallel to the direction of freeze-casting. Anisotropy was therefore observed both in 
structure and mechanical properties. Anisotropic porosity means that some aspects of 
the pores, e.g. shape and/or size, are directionally dependent. Even if the temperature 
gradient within the suspension is perfectly vertical, it is common to see tilting of the ice 
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crystals as they grow through the suspension during freeze-casting (Deville et al., 2007; 
Deville, 2013).  
When the mechanical properties were tested with respect to the direction of the freeze-
casting, the results showed that values were slightly lower when the force was applied 
parallel to the direction of the freeze-casting when compared to perpendicular to this 
direction. This can be attributed to the arrangement of the ceramic walls and therefore 
polymer infiltrate within the composite, which resembles the effect seen with enamel 
and dentine (Miura et al., 2009; Kinney et al., 2003). This is very different to the pure 
ceramics or polymers found in currently available monolithic aesthetic orthodontic 
brackets. When the force was applied in the direction parallel to the freezing direction in 
any of the tests, it might be surmised that any crack is more likely pass down the length 
of a single pore rather than across multiple pores (filled with polymer) and their 
boundary ceramic walls when tested perpendicular to the direction of freeze-casting. 
Therefore, the mechanical properties in the perpendicular direction would be expected 
to be better than those in the parallel direction.  
For Al₂O₃-UDMA-TEGDMA interpenetrating phase composite materials, flexural strength 
mean values ranged between the values of the pure polymer and dense alumina, which 
implies a reinforcement mechanism of the two phase material compared to the single 
components. The results observed were comparable to those of Launey et al. (2009). For 
Al₂O₃-PC interpenetrating phase composite material, the compressive strength test was 




 Fracture toughness  
Fracture toughness is the measure of a material’s ability to absorb strain energy prior to 
fracture (Ritchie et al., 1973). The importance of fracture toughness in the case of 
aesthetic orthodontic brackets is in the ability of the bracket to resist unwanted in-
service failure, and this most commonly occurs at the tie wing (Johnson et al., 2005). For 
ceramic brackets, it is essential to have sufficient strength to resist the forces imposed 
during bonding, the subsequent orthodontic treatment and at debond. Since ceramics 
used for brackets are brittle materials that fail by crack propagation, and ceramic 
brackets have historically shown a tendency for tie wing fracture, the fundamental 
mechanical property is fracture toughness (Scott, 1988; Kusy, 1988).  
A convenient technique for measuring the fracture toughness of ceramic materials is the 
single edge-notch technique (Mante et al., 1993). Digital image correlation (DIC) is a 
non-invasive optical measurement technique that analyses the displacement and gives a 
full three-dimensional field of strain (Sutton et al., 1986; Shah and Kishen, 2011). The 
images are taken before and after the deformation by a digital camera from which the 
displacement at any point is computed, as can be seen in Figure 6-10. This technique has 
been used extensively for fracture testing of different materials such as composites 
(Sutton et al., 1986; Abanto-Bueno and Lambros, 2002). In the present study, the use of 
the DIC system to record the strain and subsequent crack propagation behaviour was 
not entirely successful. The crack propagation was too rapid for the cameras to record it. 
Instead of having sequential images that show the crack propagation behaviour, only 
two useful images were obtained: one before the fracture and one immediately after 
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failure, as can be seen in Figure 6-10. For Al₂O₃-PC, MicroCT was used to investigate a 
specimen that had already fractured, as can be seen in Figure 6-12.  
The mean values for the fracture toughness of Al₂O₃-UDMA-TEGDMA interpenetrating 
phase composite materials in the present study, containing 61.17 and 50.89 vol.% 
ceramic fraction, were 3.91 and 4.86 MPa.m½ respectively, as can be seen in Figure 6-9. 
The ratio between ceramic and polymer affected the resultant fracture toughness of the 
composite material. Fracture toughness increased as did the polymer volume, which was 
different to that observed with flexural strength. These results show that the addition of 
a ductile polymer phase contributes to the reinforcement mechanism of the final 
composite material.  
The reported fracture toughness values for enamel and dentine are approximately 0.72 
to 1.28 and 2.2 to 3.1 MPa.m½ respectively (Min et al., 2016; Bajaj and Arola, 2009; Lawn 
and Lee, 2009). Previous studies have reported the fracture toughness of polycrystalline 
alumina to be in the range of 3.5 to 4.4 MPa.m½ (Gogotsi, 2003; Guazzato et al., 2004a) 
and for monocrystalline alumina to be 2.1 to 2.5 MPa.m½ (Iwasa and Brandt, 1986; 
Anstis et al., 1981). For zirconia toughened ceramic, fracture toughness values range 
between 4.8 to 4.9 MPa.m½ (Guazzato et al., 2004b), while for zirconia brackets much 
lower mean fracture toughness values were reported at 3.92 MPa.m½ (Tilson, 1994). 
According to He and Swain (2011), where a series of polymer-infiltrated feldspar 
ceramics from VITA company were investigated, the fracture toughness ranged from 
0.44 to 1.72 MPa.m½, values which were far lower than those of the interpenetrating 
phase composite materials in the present study. Moreover, fracture toughness values 
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reported in the present study were slightly higher than the fracture toughness values 
reported for polymer infiltrated ceramic network materials by Chaiyabutr et al. (2009) 
(92.48 to 3.43 MPa.m½), Li et al. (2017) (1.5 to 3.6 MPa.m½), Della Bona et al. (2014) 
(1.09 MPa.m½), and comparable to those reported by Launey et al. (2009) (3.1 to 5.1 
MPa.m½). 
Alumina possesses strong, directional, covalent bonds that do not allow permanent 
deformation by dislocation (Christel, 1989). When these ceramics are subjected to their 
maximum elastic stress levels, brittle failure occurs. It has been demonstrated that the 
stress field at the crack tip, to allow the crack to re-enucleate in the subsequent ceramic 
layer, has to reach a critical value in order to fracture the brittle phase at some distance 
ahead (Tobler and Reed, 1977).  
The unique structural architecture achieved by gelation and freeze-casting generates in 
these microstructures the activation of several toughening mechanisms and that makes 
them tougher as a pre-existing crack propagates. When load is applied to the material, 
plastic deformation of the flexible polymer will be constrained by the surrounding 
ceramic network with its higher modulus of elasticity, making crack bridging the 
dominant toughening mechanism (Rose, 1987; Erdogan and Joseph, 1989). As the 
polymer phase is less stiff than the ceramic matrix, both the plastic deformation of the 
polymer phase and the effect of polymer-ceramic phase debonding contributes to crack 
shielding (Gang and Chung-Yuen, 1990). 
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Whilst in the case of 61.17 vol.% the polymer layers were reduced as the ceramic 
contents increased, Al₂O₃-PC interpenetrating phase composite materials containing 
51.46 vol.% ceramic fraction showed a fracture toughness value of 3.11 MPa·m½ (Figure 
6-11), which was much lower than that of Al₂O₃-UDMA-TEGDMA interpenetrating phase 
composite materials containing 50.89 vol.% (4.86 MPa·m½). This may be explained by 
the fact that specimens used for fracture toughness testing were 4 x 32 x 8 mm in size, 
which was very hard to produce in the case of the Al₂O₃-PC interpenetrating phase 
composites due to the sensitive infiltration technique, which could have resulted in 
empty pores around the crack area and have led to faster crack propagation and more 
immediate failure.  
6.4 Summary 
In the present study, experimental ceramic/polymer interpenetrating phase composites 
with a good combination of strength and fracture toughness have been developed, 
taking inspiration from natural dental materials. The manipulation of the ceramic 
volume fraction affected the compressive strength, flexural strength, modulus of 
elasticity and the fracture toughness properties of the final composite materials. The 
anisotropic characteristic of the composite material affected their mechanical properties 
when the strength was tested in parallel and perpendicular directions with respect to 
freeze-casting. The mechanical properties of the final ceramic/polymer interpenetrating 
phase composite materials produced with 50.89 vol.% Al₂O₃-UDMA-TEGDMA exhibited 
the best combination of strength and toughness, with final values of 97.73 MPa and 4.86 
MPa·m½ respectively. The Al₂O₃-PC interpenetrating phase composites showed slightly 
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higher compressive and flexural strengths when compared to Al₂O₃-UDMA-TEGDMA 
interpenetrating phase composites, while the modulus of elasticity showed almost the 




Chapter 7. Surface characterisation of biomimetic ceramic/polymer 
interpenetrating phase composites 
7.1 Introduction 
Surface characteristics of the orthodontic bracket materials plays an important role in 
determining their ability to maintain surface structural integrity in the presence of loads 
arising from mechanics such as archwire sliding, high torqueing moments, or masticatory 
forces produced by chewing hard food (Saunders and Kusy, 1994). Surface roughness 
changes and hardness instabilities can be considered as disadvantages that concern 
aesthetic brackets, reducing their clinical efficiency during treatment (Alkire et al., 1997; 
Gioka and Eliades, 2004; Russell, 2005; Zinelis et al., 2005).  
Micro-indentation has been used to evaluate the surface hardness of hard tissue like 
dentine (Hosoya et al., 2000) and enamel (Min et al., 2016), ceramics (Seghi et al., 1995), 
polymer (Amitay–Sadovsky and Wagner, 1999) as well as composite materials (Schulze 
et al., 2003). Non-contact profilometer is a tool that is used to measure surface 
roughness and loss of dental hard tissues and was first introduced in 1972 (Marshall Jr et 
al., 1997; Al-Radha et al., 2012; Paepegaey et al., 2013; Baysan al., 2018). Non-contact 
profilometer Proscan software provides a variety of surface measurements and the 
technique is non-invasive. 
The aim of this Chapter is to evaluate and compare surface properties of the novel 
biomimetic ceramic/polymer interpenetrating phase composites as a potential material 
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for orthodontic brackets and to compare them with the raw constituent materials 
(dense alumina, unfilled PC polymer and unfilled UDMA-TEGDMA polymer) and human 
enamel. The properties examined included surface hardness, surface roughness before 
and after toothbrushing and surface loss following toothbrushing. The ceramic/polymer 
interpenetrating phase composites investigated were: Al₂O₃-UDMA-TEGDMA 
composites containing 50.89 and 61.17 vol.% ceramic fractions and Al₂O₃-PC composites 
containing 34.20 and 51.46 vol.% ceramic fractions.  
7.2 Results 
 Hardness 
The mean and SD surface hardness values (GPa) of Al₂O₃-UDMA-TEGDMA composites 
and Al₂O₃-PC composites are shown in Figure 7-1. In addition, the surface hardness 




Figure 7-1. Mean and SD (GPa) for Vickers hardness (six specimens per material). The 
load was applied parallel to the freezing direction. 
When looking at the hardness values in Figure 7-1, we can see that alumina had the 
highest hardness followed by human enamel, and the two polymers demonstrated the 
lowest values. The hardness values of the composites were between these two groups. 
It is also apparent that increasing the ceramic volume fraction within the 
ceramic/polymer interpenetrating phase composite leads to an increase in the observed 
surface hardness of the materials. The mean Vickers hardness values of Al₂O₃-UDMA-
TEGDMA interpenetrating phase composites containing 50.89 and 61.17 vol.% ceramic 
fraction were 1.46 and 1.62 ± 0.09 GPa respectively. The mean Vickers hardness values 
of Al₂O₃-PC interpenetrating phase composites containing 34.20 and 51.46 vol.% ceramic 
fraction were 0.82 ± 0.13 and 1.52 ± 0.09 GPa respectively.  
     Al₂O₃                                PC            Enamel UDMA-
TEGDMA 
   50.89%       61.17%                    
Al₂O₃-UDMA-TEGDMA 





The hardness of the Al₂O₃-PC interpenetrating phase composites was also measured, but 
with the force applied in two planes, perpendicular and parallel to the direction of 
freeze-casting of the porous ceramic preform. The results are illustrated in Figure 7-2.  
 
Figure 7-2. Mean and SD (GPa) for Vickers hardness (six specimens per material) when 
the indentation force was applied in two planes, parallel (Blue) and perpendicular (Red), 
for Al₂O₃-PC interpenetrating phase composites.  
When looking at Figure 7-2, we can see that the hardness of Al₂O₃-PC interpenetrating 
phase composites containing 34.20 vol.% was higher when tested perpendicular rather 
than parallel to the direction of freeze-casting. For the same composite when the 
ceramic volume fraction was 51.46 vol.%, the direction of testing had no significant 
effect. Again, it is clear from Figure 7-2 that there is a clear trend for the hardness to 



















 Surface roughness before and after simulated toothbrushing testing 
In this part of the study, the surface roughness of each experimental material was tested 
before and after 2 hrs 50 mins of simulated toothbrushing. This was equivalent to two 
years in a clinical situation when subjected to 2 mins of toothbrushing twice daily. As a 
general rule aesthetic orthodontic brackets are not used on molar teeth and therefore 
this test was performed on twenty teeth in total (8 incisors, 4 canines and 8 premolars). 
Surface roughness was evaluated prior to and after toothbrushing. Paired t-tests were 
used to test for differences between pre and post toothbrushing measurements for each 
material (p<z). 
7.2.2.1 Mean average roughness (Ra) 
The mean and SD values for the average surface roughness (Ra) of each material before 




Figure 7-3. Mean and SD (µm) of surface roughness (Ra) for materials under test, pre 
(Blue) and post (Red) two years of simulated toothbrushing. 
When looking at Figure 7-3 we can see that toothbrushing resulted in an increased Ra 
value for almost all specimens. Prior to brushing, human enamel and PC had the lowest 
Ra values, while Al₂O₃- UDMA-TEGDMA composite containing 50.89 vol.% showed the 
highest value. When looking at Al₂O₃-PC interpenetrating phase composite the 34.20 
vol.% ceramic fraction specimens demonstrated significantly higher Ra values when 
compared to those of the 51.46 vol.% ceramic fraction.  
Significant changes in the Ra values following brushing were found in Al₂O₃-UDMA-
TEGDMA interpenetrating phase composites (p=0.02 for 50.89 vol.% ceramic fraction 
and p=0.02 for 61.17 vol.% ceramic fraction), Al₂O₃-PC interpenetrating phase 
composites containing 51.46 vol.% (p=0.00), pure polymers (p=0.03 for UDMA and 
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p=0.00 for PC) and human enamel (p=0.00). No significant changes were observed for 
the 34.20 vol.% Al₂O₃-PC interpenetrating phase composites (p=0.10). Interestingly, the 
surface roughness values for the dense alumina specimens were slightly lower following 
brushing but this effect was not statistically significant (p=0.65). 
7.2.2.2 Average maximum peak-to-valley height of five consecutive 
sampling depths (Rz) 
The mean and SD values for the average maximum peak-to-valley height of five 
consecutive sampling depths (Rz) of each material before and after toothbrushing are 
illustrated in Figure 7-4.  
Figure 7-4. Mean and SD (µm) of the average maximum peak-to-valley height of five 
consecutive sampling depths (Rz) for materials under test, pre (Blue) and post (Red) two 
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When looking at Figure 7-4 we can see that toothbrushing resulted in an increased Rz 
value for almost all specimens. Prior to brushing, human enamel and UDMA-TEGDMA 
had the lowest Rz values, while Al₂O₃-UDMA-TEGDMA composite containing 50.89 vol.% 
showed the highest value. Significant changes in the Rz values following brushing were 
found in Al₂O₃-UDMA-TEGDMA interpenetrating phase composites containing 61.17 
vol.% ceramic fraction (p=0.01), Al₂O₃-PC interpenetrating phase composites containing 
51.46 vol.% (p=0.01), pure PC (p=0.00) and human enamel (p=0.00). No significant 
changes were observed for the Al₂O₃-UDMA-TEGDMA containing 50.89 vol.% ceramic 
fraction (p=0.43), Al₂O₃-PC interpenetrating phase composites containing 34.20 vol.% 
(p=0.84) and pure UDMA-TEGDMA (p=0.11). Interestingly, the surface roughness values 
for the dense alumina specimens were slightly lower following brushing (p=0.33) but 
again this was not statistically significant.  
7.2.2.3 Root mean square roughness (Rq) 
The mean and SD values for the root mean square roughness (Rq) of each material 




Figure 7-5. Mean and SD (µm) of root mean square roughness (Rq) for materials under 
test, pre (Blue) and post (Red) two years of simulated toothbrushing.  
When looking at Figure 7-5 we can see that toothbrushing resulted in an increased Rq 
value for almost all specimens. Prior to brushing, human enamel and UDMA-TEGDMA 
had the lowest Rz values, while Al₂O₃- UDMA-TEGDMA composite containing 50.89 vol.% 
showed the highest value.  
Significant changes in the Rq values following brushing were found in Al₂O₃-UDMA-
TEGDMA interpenetrating phase composites containing 61.17 vol.% ceramic fraction 
(p=0.01), Al₂O₃-PC interpenetrating phase composites containing 51.46 vol.% (p=0.03), 
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No significant changes were observed for the Al₂O₃-UDMA-TEGDMA containing 50.89 
vol.% ceramic fraction (p=0.30) and Al₂O₃-PC interpenetrating phase composites 
containing 34.20 vol.% (p=0.26). Again, the surface roughness values for the dense 
alumina specimens were slightly lower following brushing (p=0.34). 
7.2.2.4 Maximum roughness depth (Rmax) 
The average and SD values for the root maximum roughness depth, Rmax, for each 
material before and after toothbrushing are illustrated in Figure 7-6.  
 
Figure 7-6. Mean and SD (µm) of the maximum roughness depth (Rmax) for materials 
under test, pre (Blue) and post (Red) two years of simulated toothbrushing. 
When looking at Figure 7-6 we can see that toothbrushing resulted in an increased Rmax 
value for almost all specimens. Prior to brushing, human enamel and UDMA-TEGDMA 
     Al₂O₃             PC                                  Enamel                                      UDMA/
TEGDMA 
    50.89%       61.17%                    
Al₂O₃-UDMA/TEGDMA 
  
34.20%         51.46%  
        Al₂O₃-PC 
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had the lowest Rmax values, while Al₂O₃- UDMA-TEGDMA composite containing 50.89 
vol.% showed the highest value.  
Significant changes in the Rmax values following brushing were found in Al₂O₃-UDMA-
TEGDMA interpenetrating phase composites containing 61.17 vol.% ceramic fraction 
(p=0.01), pure polymers (p=0.01 for UDMA-TEGDMA and p=0.01 for PC) and human 
enamel (p=0.00). No significant changes were observed for the Al₂O₃-UDMA-TEGDMA 
containing 50.89 vol.% ceramic fraction (p=0.63), Al₂O₃-PC interpenetrating phase 
composites (p=0.75 for 34.20 vol.% ceramic fraction and p=0.08 for 51.46 vol.% ceramic 
fraction) and for the dense alumina (p=0.43).  
 SEM imaging following simulated toothbrushing 
Using SEM to examine the specimens after simulated toothbrushing once again shows 
the distinct honeycomb-like structure of the ceramic/polymer composite samples. 
However, closer examination of the SEMs in Figure 7-7 shows that the polymer fraction 
in each case has surface striations that would appear to correspond with the direction of 
toothbrushing. No such surface effects are visible within the ceramic fractions. These 
results are also confirmed by the 3D profilometry images in Figure 7-8, where there are 
obvious differences between the post-brushing surface profile for the ceramic and 
polymer samples. Following brushing, the ceramic samples had a much smoother profile 




Figure 7-7. SEM images illustrating the effect of simulated toothbrushing on the Al₂O₃-PC 
interpenetrating phase composites. The darker areas represent the polymer parts and 
the lighter areas represent the alumina parts. The red arrows indicate the effect of the 
toothbrushing (polymer part of the composites). 
 
 
Figure 7-8. 3D profilometry images illustrating the effect of simulated toothbrushing in 
alumina, PC and UDMA-TEGDMA surfaces respectively.  
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 Surface volume loss after simulated toothbrushing testing 
Non-contact profilometry was used to record surface loss following brushing and Figure 
7-9 shows the amount of surface loss in µm that occurred with simulated toothbrushing.  
 
Figure 7-9. Mean and SD (µm) for surface loss after toothbrushing of the Al₂O₃-UDMA-
TEGDMA and Al₂O₃-PC interpenetrating phase composites, alumina, UDMA-TEGDMA 
and PC polymers and enamel under test. 
When looking at the results of the surface loss, all materials showed surface loss 
following simulated toothbrushing. Enamel and alumina showed the least amount of 
surface loss of all specimens. The pure polymers showed the highest loss of all the 
specimens. Al₂O₃-UDMA-TEGDMA composite with 50.89 vol.% ceramic fraction and 
Al₂O₃-PC interpenetrating phase composite with 51.46 vol.% ceramic fraction showed 
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surface loss measurements and the Al₂O₃-UDMA-TEGDMA composite containing 61.17 
vol.% showed the least surface loss among all of the composite materials. This 
demonstrates there is less surface loss with increasing ceramic phase volume fraction 
within the composite materials. 
7.3 Discussion 
In the present study a range of four varying novel biomimetic ceramic/polymer 
interpenetrating phase composite materials were evaluated in addition to their 
constituent raw materials. Zinelis et al. (2005) investigated the surface roughness 
characteristics (Ra, Rq, Rz and Rmax) and hardness of aesthetic bracket raw materials 
(polymers and alumina ceramics) from different bracket manufacturers using 
profilometry and Vickers hardness testing. The authors found that alumina ceramic raw 
material had higher roughness and hardness measurements when compared to 
polycarbonate. However, there was variability among polycarbonate bracket raw 
materials provided by different manufacturers (Forestadent, Germany and Ormco, USA). 
 Hardness of the ceramic/polymer interpenetrating phase composites  
Hardness is defined as the resistance to a permanent surface indentation and it affects 
the wear resistance of a material (Xie et al., 2000). In orthodontics, sufficient hardness is 
essential for the appliance to maintain surface structural integrity in the presence of 
loads such as archwire sliding, high torqueing moments, masticatory forces produced by 
chewing hard food and daily toothbrushing. Nevertheless, ceramics with a high hardness 
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value might not be desirable as dental materials since they may result in unwanted 
abrasion of the opposing teeth.  
In the present study, the results indicate that a ceramic/polymer interpenetrating phase 
composite with a lower ceramic fraction results in a lower hardness, as can be seen in 
Figures 7-1 and 7-2. The lowest measured hardness was 0.82 GPa for the 34.20 vol.% 
Al₂O₃-PC interpenetrating phase composite and the highest was 1.62 GPa for the 60.17 
vol.% Al₂O₃-UDMA-TEGDMA composite material. These values are between those of the 
dense alumina (8.76 GPa) and pure polymers (0.13 and 0.17 GPa for PC and UDMA-
TEGDMA respectively).  
When the results for the composites are considered with respect to the hardness of 
enamel (2.45 GPa), it would suggest the use of such materials as orthodontic brackets 
would cause little or no wear to the opposing teeth. This is unlike other commercial and 
non-commercially available ceramics and ceramic/polymer composites such as Enamic 
(3.31 GPa), polymer-infiltrated zirconia (3.93 GPa), zirconia (13.94 GPa) and lithium 
disilicate glass ceramics (10 GPa) (Zhang et al., 2012; Min et al., 2016; Li and Sun, 2018), 
or commercially available ceramic brackets which are much harder than enamel (Swartz, 
1988) where the surface hardness for each is such that wear of opposing enamel would 
take place to varying degrees if occlusal interferences are present as previously reported 
in vivo and in vitro (Viazis, 1989). 
In the present study, hardness was affected by the ceramic volume fraction and also 
where the indenter contacted the ceramic/polymer interpenetrating composite surface. 
  
196 
Not only might the ceramic volume fraction directly affect the hardness because there is 
more of it, but with increasing ceramic content the pore size reduces, and the ceramic 
wall sizes increase. Any range of values for any specimen where the indenter head 
appears to fit only within the pore filled with polymer was not used in this study. 
The hardness of Al₂O₃-PC interpenetrating phase composites was also measured with 
the load applied in two planes with respect to the freezing direction of the porous 
ceramic preform to evaluate the effects of their anisotropy (Figure 7-2). There was only 
a small mean difference of 0.02 GPa between the two hardness values for the composite 
containing 51.46 vol.% ceramic fraction. However, for the Al₂O₃-PC interpenetrating 
phase composites containing 34.20 vol.% ceramic fraction, there was an increase of 0.17 
GPa when comparing the hardness obtained as the load was applied perpendicular to 
the freezing direction as opposed to that obtained as the load was applied parallel to the 
freezing direction. This difference may indicate the effect of the larger and more 
rounded honeycomb-like shaped pores filled with polymer in the Al₂O₃-PC 
interpenetrating phase composite containing 34.20 vol.%, as a result of the larger ice 
crystals formed during freeze-casting. Higher hardness values were previously reported 
for human enamel to be obtained in the perpendicular direction too (Zhang et al., 2014). 
In terms of direction it might be worth commenting that it is perhaps not surprising the 
hardness is little different, especially with increasing ceramic content for the same 
reason as above, i.e. the pore size reduces, and the ceramic wall thickness increases with 
respect to the size of the indenter head. 
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In the present study, the hardness of human enamel was determined to be 2.45 GPa. 
This result is lower than those presented in previous studies which evaluated the 
hardness for enamel to range from 3 to 5.3 GPa (Cuy et al., 2002; Mahoney et al., 2000; 
Min et al., 2016; Park et al., 2008; He and Swain, 2007; Xu et al., 1998). This large 
difference can be the result of the hierarchical structure and anisotropy of the enamel 
(Ang et al., 2009), use of different hardness machines, different loads (Chuenarrom et 
al., 2009), different locations and teeth from which the specimens were obtained (Roy 
and Basu, 2008), and different specimen preparations (Wu et al., 2017).  
 Simulated toothbrushing  
Toothbrushing is essential for removal of plaque and debris in order to contribute to 
good oral health. During orthodontic treatment, orthodontic attachments and arch 
wires act as barriers and trap food, which makes maintenance of good oral hygiene 
more challenging (Jenkins, 1972 ; Rafe et al., 2006; Erbe et al., 2013). The British Dental 
Association recommendation for individual oral hygiene is toothbrushing at least twice 
daily for at least two minutes (British Dental Association, 2018). However, toothbrushing 
can cause hard dental tissue loss (Eisenburger and Addy, 2002) and can cause wear of 
polymeric orthodontic brackets due to their relatively lower hardness (Zinelis et al., 
2005). 
In the present study, the toothbrushing regimen mimicked a twice-daily oral hygiene 
pattern of a two minute toothbrushing cycle on twenty teeth in total. In this study, the 
force applied was standardised at 200 g, as was toothpaste concentration, brushing 
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technique and model of brush. Other studies have used loads of 100 g (Takahashi et al., 
2013), 170 g (Heintze and Forjanic, 2005) or 500 g (Suzuki et al., 2009) depending on 
purposes of the studies., for example, higher load (500 g) was used in abrasion studies. 
The 200 g force was chosen as it simulates the applied force during everyday 
toothbrushing as an average obtained from the literature (Zero, 1996; Lefever et al., 
2012) and because any force higher than that had been shown to be of little significance 
for plaque removal (McCracken et al., 2003; Van der Weijden and Hioe, 2005). Colgate® 
Total was chosen as it is a commonly used toothpaste in the UK (Ganss et al., 2009) and 
an Oral-B manual toothbrush was used due to its standardised shape and previous 
utilisation (Bellamy et al., 2014). The amount of suspension used in each cycle (25 g 
dentifrice, 40 g deionised water) was prepared in accordance with the study by 
Schemehorn et al. (2011). 
 Initial surface roughness before toothbrushing 
For dental composite materials, the surface roughness characteristics will depend on 
factors such as type of monomer, filler content, filler size, filler type and preparation 
methods (Heintze and Forjanic, 2005; Takahashi et al., 2013; Kamonkhantikul et al., 
2014). Surface roughness influences clinical performance, aesthetic characteristics and 
can affect bacterial accumulation (Voltarelli et al., 2010; Lee et al., 2009; Quirynen et al., 
1996; Bollenl et al., 1997). For polymeric orthodontic brackets, surface roughness plays 
an important role in the discoloration of the bracket caused during clinical use (Leibrock 
et al., 1997). It is also possible that in orthodontics surface roughness can affect friction 
(Kusy et al., 1988) and potentially orthodontic tooth movement (Marques et al., 2010; 
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Liu et al., 2013). Choi et al. (2015) found that changes in surface roughness of 
orthodontic appliances showed a similar pattern to those observed in frictional force. 
Indeed there are reports in the literature that the clinical use of orthodontic archwires 
and brackets in the oral environment can increase their surface roughness (Alcock et al., 
2009; Mendes et al., 2014). 
Currently there is little data on the effect of toothbrushing on the surface roughness of 
orthodontic bracket materials. In the present study, the roughness parameters assessed 
were Ra, Rmax, Rp and Rq, as these parameters have been previously used to determine 
the surface characteristics of orthodontic raw materials by Zinelis et al. (2005). The 
Proscan non-contact profilometre consists of a white light source that transmits white 
light through a lens and then splits the light beam into a full spectral field (Sleibi et al., 
2018). This methodology is non-invasive and utilises the different refractive indices of 
the components of white light to measure height differences in sample topography. 
When looking at the surface roughness results before brushing, the mean Ra value for 
the dense alumina specimens and PC were 0.84 µm and 0.23 µm respectively, which is 
lower than that found previously for polycrystalline alumina 2.69 µm and for PC 0.94 to 
1.20 µm (Zinelis et al., 2005). However, this might be explained by the use of different 
measuring methods (contact vs. non-contact surface profilometry as used in the present 
study) and subsequent specimen preparation procedures. When considering enamel 
specimens before brushing, the Ra value was found to be 0.09 µm, which is comparable 
to the values obtained by previous research by de Melo Monteiro et al. (2016) (0.05 to 
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0.07 µm), but lower than the results obtained by Mahardhika et al. (2017) (0.16 µm) and 
by Azevedo et al. (2008) (1.18 to 1.50 µm).  
The ceramic/polymer interpenetrating phase composite Ra surface roughness values 
ranged from 0.69 to 1.71 µm, while the Rmax results ranged from 4.02 to 12.74 µm, 
which corroborates the findings of the study by Grossman et al. (2004), who evaluated 
and compared Ra and Rmax surface roughness values obtained with a profilometer for 
six aesthetic resin based restorative materials. The Ra results ranged from 0.35 to 1.51 
µm, while the Rmax results ranged from 1.60 to 16.1 µm. 
 Effect of simulated toothbrushing on the surface roughness  
When considering the surface roughness values following simulated toothbrushing, all of 
the materials under test showed an increase in all surface roughness parameters except 
for the dense alumina. This is in accordance with the findings of other studies 
(Mahardhika et al., 2017; Bolay et al., 2012; de Melo Monteiro et al., 2016). However, 
unlike the present study, Heintze and Forjanic (2005) found the roughness of the enamel 
decreased after simulated toothbrushing, and by as much as 40%. This might be 
attributed to their use of different sample polishing procedures, brushing regimes, tooth 
paste and brushing force, for example 170 g versus the 200 g used in the current study.   
When looking at the Ra results for the new ceramic/polymer interpenetrating phase 
composites, the mean difference for surface roughness of any specimen after the 
simulated toothbrushing ranged from 0.18 to 0.65 µm, which is unlikely to be clinically 
significant. The roughness observed is likely as a result of the direct contact of the 
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bristles of the brush with the material surface, as well as the effect of the toothpaste 
(Dyer et al., 2000). The gradual polishing of the ceramic fraction of the composites, and 
the more rapid abrasion of the polymer phase might lead to this increase in the material 
roughness (Figure 7-3). The composites’ resistance to wear by toothbrushing is affected 
by the inorganic filler phase, the resin matrix and the chemical link between these two 
inorganic and organic phases (Sulong and Aziz, 1990). Heintze and Forjanic (2005) also 
found that hybrid composite materials showed the highest increase in mean roughness 
after toothbrushing when compared with 21 other dental materials. Furthermore, 
Kamonkhantikul et al. (2014) evaluated roughness of composite material and their 
results showed a variable surface roughness increase after toothbrushing, depending on 
the filler particle size in each material. 
For the biomimetic ceramic/polymer interpenetrating phase composites in the present 
study, the difference in roughness increased after brushing as the ceramic content 
increased, as can be seen in Figures 7-3, 7-4, 7-5 and 7-6. A possible explanation for this 
is the unique honeycomb-like microstructure of the biomimetic ceramic/polymer 
interpenetrating phase composite. Increasing the ceramic content (Figure 7-7) of the 
initial porous ceramic scaffold leads to smaller pores into which the polymer is forced 
during fabrication of the composite material. This results in more opportunities for 
irregularities at the ceramic-polymer interface as the polymer preferentially wears with 
toothbrushing. The images in Figure 7-7 and 7-8 confirm that the simulated 
toothbrushing has a greater effect on the softer polymer within ceramic/polymer 
interpenetrating phase composites. Interestingly, during the initial polishing process of 
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the specimens prior to testing, the 61.17 vol.% ceramic fraction specimens were the 
most difficult to polish, in large part due to the higher ceramic content. Perhaps 
unsurprisingly, with all of the surface roughness measurements (Ra, Rq, Rmax and Rq) 
for enamel, PC and the 61.17 vol.% Al₂O₃- UDMA-TEGDMA composite, there was a 
statistically significant difference between the pre and post brushing results, while for 
the dense alumina there was no statistically significant difference, as can be seen in 
Figures 7-3, 7-4, 7-5 and 7-6.  
Although 50.89 vol.% Al₂O₃-UDMA-TEGDMA and 51.46 vol.% Al₂O₃- PC composite 
materials contain almost the same amount of ceramic, they showed a different surface 
roughness change following 2 years simulating toothbrushing. This surface roughness 
difference shows the significant effect that the polymer type has on the final composite 
materials. Moreover, when the ceramic contents decreased to 34.20 vol.% for the Al₂O₃-
PC interpenetrating phase composites, no statistically significant difference before and 
after toothbrushing for all the roughness parameters was observed. 
For the dense alumina, the surface roughness measures Ra, Rz and Rq did decrease 
slightly, with toothbrushing and this may be because ceramic is such a hard material that 
it was instead polished by the toothbrushing resulting in a smoother surface. This 
decrease in the roughness of dental ceramics after toothbrushing has previously been 
reported in the literature by Heintze and Forjanic (2005). With the pure polymers it was 
different. The highest post toothbrushing surface roughness was seen for the pure 
polymers. For enamel, the surface roughness value also increased to 0.29 µm. 
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 Surface loss after simulated toothbrushing 
The characterisation and measurement of hard tissue loss due to the oral environment 
factors is important in dental research (Imfeld, 1996). This process is significantly 
important for interpenetrating phase composites (as the experimental composites in the 
present study) as their surfaces are characterised by hybrid microstructures with 
irregular peaks and valleys that cannot be easily defined (Wiegand et al., 2007). 
Toothbrushing has an abrasive effect on the teeth and can result in tooth tissue loss 
(Meyers et al., 2000; Forbes-Haley et al., 2016). Polymeric orthodontic brackets, such as 
polycarbonate brackets, are characterised by a low resistance to wear compared to 
human enamel (Zinelis et al., 2005; Kato et al., 2014). 
In the present study all of the specimens showed surface loss following toothbrushing, 
with pure polymers showing significant surface loss, and enamel and dense alumina 
showing much less surface loss (Figure 7-9). For the dense alumina, the surface loss was 
only 0.12 µm and this would support the fact that ceramic is a hard material that is not 
susceptible to significant wear by toothbrushing. The highest surface loss was observed 
with the pure polymers, supporting the fact that these materials demonstrate less 
resistance to wear. For the ceramic/polymer interpenetrating phase composites, as the 
ceramic volume fraction increased, so the surface loss decreased. This can be explained 







The hardness, surface roughness and surface loss data for the novel ceramic/polymer 
interpenetrating phase composites ranged between that of the pure polymers and the 
dense alumina. Indeed, the values observed for the composites were more comparable 
to enamel than either of their constituent raw materials. Following abrasion testing the 
mean difference in surface loss over 2 years of simulated toothbrushing was less than 
1.5 µm for any of the ceramic/polymer interpenetrating phase composite specimens. 
Higher surface hardness and less surface loss after toothbrushing was observed with the 
higher ceramic content composites. The mean difference surface roughness (Ra) value 
of any of the ceramic/polymer interpenetrating phase composites over 2 years of 
simulated toothbrushing ranged from 0.18 to 0.65 µm, which is unlikely to be clinically 
significant. There is an observed overlap in the results between the various 
ceramic/polymer interpenetrating phase composite materials. It can be seen that as the 
ceramic content increased in each composite group, the difference in the roughness 
values increased. The results of the present study suggest that such exposure to 
toothbrushing can cause an increase in the variety, type and number of surface 
irregularities and hence an increase in the material surface roughness. 
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Chapter 8. Discussion 
The primary objective of this study is to produce a biomimetic ceramic/polymer 
composite material, characterised by a multi-level graded structure of a ceramic 
component infiltrated with a polymer. Current commercially available dental ceramics 
and composites are both isotropic and unable to emulate the natural structure of 
dentine and enamel. The secondary objective is to investigate the mechanical and 
surface properties of the fabricated composite materials with respect to the 
ceramic/polymer final volume ratio. An efficient biomimetic ceramic/polymer 
interpenetrating phase composite material with a modulus of elasticity comparable to 
dentine, wear behaviour comparable to enamel and reduced brittleness compared to 
dental ceramics is desirable. The benefits of such a material could include improved 
orthodontic bonding and debonding, less abrasion of opposing teeth, improved wear 
resistance and fewer in-service bracket failures.  
The approach used in this research to fabricate biomimetic ceramic/polymer composite 
materials with anisotropy similar to that of natural teeth was freeze-casting. The ceramic 
material under investigation was alumina and the two polymers were UDMA-TEGDMA 
and PC. Infiltration of the UDMA-TEGDMA polymer into the ceramic framework was by 
vacuum impregnation, while heat pressing was used with PC, and laboratory tests were 




8.1 Interpenetrating approach 
The findings of the literature review (Chapter 2) support the trial to develop and 
characterise interpenetrating phase composite materials for orthodontic applications. 
Although previous studies have investigated their use in restorative dentistry and for 
teaching purposes, no such studies were found that have customised their fabrication 
for orthodontic use.  
Aesthetic orthodontic brackets are becoming ever more popular, such that they are now 
part of the routine orthodontic armamentarium in the treatment of adult patients 
(Christensen and Luther, 2015). Aesthetic bracket materials can be divided into two 
groups: ceramics and polymers. Ceramic brackets are the most popular nowadays as 
they provide the best aesthetics (Jena et al., 2007). However, they are not without 
problems, principally a low fracture toughness leading to increased in-service failures, 
high hardness which can result in iatrogenic damage to opposing teeth (Karamouzos et 
al., 1997) and also a risk of enamel damage at debond (Jeiroudi, 1991; Årtun, 1997; 
Karamouzos et al., 1997; Jena et al., 2007; Kitahara-Céia et al., 2008; Eslamian et al., 
2011). Polymeric brackets also initially have good aesthetic properties, but suffer from 
low abrasivity, a tendency to discolour, and creep over time leading to loss of torque 
transfer (Sadat-Khonsari et al., 2004; Ali et al., 2011; Lee, 2011).  
Hybrid aesthetic orthodontic brackets are commercially available, but they comprise two 
distinct bulk phases separated by a single interface, i.e. a ceramic bracket body and tie 
wings with a single polymeric bracket base (Kusy, 1998). The main disadvantage of these 
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brackets is delamination of the polymer base during treatment, which results in longer 
chairside time as a consequence of the need to replace the brackets, and greater 
discomfort to patients (Olsen et al., 1997; Elekdag-Turk et al., 2009).  
A more recent experimental approach has been to fabricate orthodontic brackets from 
aesthetic CAD/CAM restorative composite materials. The results showed that the 
brackets can provide torque transfer comparable to commercially available alumina 
ceramic brackets, but with improved strength and toughness (Alrejaye et al., 2016). 
However, the authors used traditional polymer-based composite materials (Paradigm 
MZ100 and Lava Ultimate, 3M ESPE) and interpenetrating phase ceramic/ceramic 
composite materials (glass/alumina, Mark II feldspathic porcelain, and zirconia/alumina, 
In-Ceram YZ, VITA Zahnfabrik). These materials differ from our composite material in 
their structure and manufacturing method as the composites tested in this study are 
biomimetic interpenetrating phase ceramic/polymer composite materials.  
To fabricate a ceramic/polymer interpenetrating phase composite with a graduated 
structure, porous ceramic preforms that can be infiltrated with a second phase need to 
be created. In this study, the aim is to produce a composite consisting of a continuous 
ceramic phase rather than being randomly distributed in a polymeric phase. In this way 
it is hoped that both phases could be integrated into each other to create a multi-level 
structure. This approach would then overcome the delamination problem and low wear 
resistance of previously adapted hybrid aesthetic orthodontic brackets. In the present 
work, porous ceramic preforms were produced and subsequently infiltrated with 
polymer to produce a ceramic/polymer interpenetrating phase composite material. 
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Previous studies have demonstrated that interpenetrating composite materials can 
demonstrate mechanical properties comparable to those of human dentine and enamel, 
with the more flexible polymer phase acting as the toughening material (Coldea et al., 
2013; Petrini et al., 2013; Nguyen et al., 2014; Okada et al., 2014). 
8.2 Fabrication method 
In Chapter 4 an in vitro study was presented that evaluated the technique of freeze-
casting as the method of fabricating the porous ceramic preforms. Freeze-casting 
provides the advantages of creating porous scaffolds with tailored porosities, pore 
morphology and size, open interconnectivity and an anisotropic structure (Scotti and 
Dunand, 2018). Moreover, porous ceramic preforms produced by freeze-casting could 
then be infiltrated with a second phase material in order to improve the mechanical 
properties and make it suitable for use in orthodontics (Petrini et al., 2013).  
Ceramics have been used extensively in the construction of aesthetic restorative 
materials for more than 100 years(Li et al., 2014) and are very popular raw materials for 
fabricating ceramic orthodontic brackets. Alumina is characterised by being bioinert, 
providing good aesthetics, stiffness and hardness. It can also form a suspension when 
mixed with water and therefore produce well-defined microstructures after freeze-
casting (Sofie and Dogan, 2001; Deville et al., 2015). Water was used as the suspension 
medium in this study as it has been used successfully in other studies using freeze-
casting (Sofie and Dogan, 2001; Scotti and Dunand, 2018). In addition, not only could the 
suspensions be easily prepared at room temperature, but the ice crystals formed during 
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freeze-casting were also lamellar in structure due to the directional freeze-casting, 
meaning the resulting pores in the ceramic scaffold could potentially be easily infiltrated 
with a second polymeric phase (Deville et al., 2015; Scotti and Dunand, 2018).  
In addition to the water, an additive binder gelatine was used in this study. Structures 
produced by the combination of gelatine and freeze-casting have previously been 
reported to result in a unique honeycomb-like structure in the final scaffold (Fukushima 
et al., 2008; Koch et al., 2003; Fukushima et al., 2014; Matsunaga et al., 2017). The 
reason for this is probably as a result of the increased resistance the gelatine affords in 
the aqueous suspension during the freeze-casting process, which prevents the ice 
crystals created adopting their more usual plate-like or lamellar structure within the 
ceramic suspension.  
The freeze-casting apparatus used in the present study was considered suitable for 
consistently producing graded porous scaffolds, as the rod temperatures were 
controlled within a closed system. The ceramic samples were fabricated to a height of 20 
mm, which was considered sufficient for structural and mechanical characterisation. A 
temperature gradient of -10 to +20°C was chosen to produce the biomimetic 
ceramic/polymer interpenetrating phase composites, which means that the ceramic 
particles were rejected by the freezing front from the bottom of the sample near the 
cooling plate to the top (Barr and Luijten, 2010). This set-up resulted in a graduated 
porous microstructure that could be easily infiltrated with the second, polymer phase. 
By contrast, homogenous freeze-casting using a uniform temperature across the sample 
leads to the production of a scaffold with randomly oriented porosity, which would be 
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more difficult for any second phase to penetrate, thereby limiting its clinical usefulness 
(Fu et al., 2008) as a result of the effect on the subsequent mechanical properties. 
Different volumes of initial solid ceramic loadings were chosen for this study (10, 15, 20, 
25, 30 and 35 vol.%). This range was considered to be ideal for the production of porous 
ceramic scaffolds that could subsequently be infiltrated with polymer (Preiss et al., 
2012). The porosity of the freeze-cast preforms was tuned by adjusting the initial solid 
ceramic loading with the final porosity value being linearly dependent upon the solid 
loading (Figure 4-7). 
8.3 Microstructure 
The principal objective of this study was to fabricate a material capable of mimicking 
natural tooth structure. Teeth are unique in being able to withstand masticatory loading 
throughout an individual’s lifetime. Porous alumina scaffolds were produced by gelation 
freeze-casting that were characterised by a biomimetic anisotropic honeycomb-like 
structure. This is thought to be due to the addition of water soluble gelatine to the initial 
ceramic suspension. SEM images (Figure 4-5) revealed the honeycomb-like cylindrical 
pores to be of varying size as a result of the ceramic particles being expelled by the 
freezing front of water molecules. In other words the ceramic particles were gradually 
packed together between the growing ice crystals in the gelatine-based aqueous 
ceramic suspension (Fukushima et al., 2008; Deville, 2010). 
Such a honeycomb-like structure could be said to mimic to some extent the distribution 
of the dental organic phase within the inorganic phase seen at the dentine-enamel 
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junction in natural teeth (Amizuka et al., 1992), and in the outer layer of the enamel 
(Wang et al., 2012). This structure is thought to provide mechanical properties that are 
significantly better than those achieved with other scaffold structures such as lamellar 
and dendritic (Wegst et al., 2010; Scotti and Dunand, 2018). This is thought to be due to 
the higher interconnected open porosities compared to those typically seen in freeze-
cast porous scaffolds using other binders such as Polyvinyl alcohol (Preiss et al., 2012). 
Previous studies have found that composites with interpenetrating phases and a 
honeycomb-like microstructure can demonstrate good mechanical and tribological 
properties, especially in terms of strength and wear, when compared to those with a 
lamellar structure (Lakes, 1993; Coldea et al., 2013; Fukushima et al., 2014; Long et al., 
2014; Zhang et al., 2015).  
MicroCT images (Figure 4-6) illustrated a graded growth pattern of the ice crystals 
starting from the freezing bottom plate to the uppermost porous surface. This 
phenomenon has previously been reported by other workers in the field (Deville, 2010; 
Lasalle et al., 2012). Notably, the effect of increasing gelatine concentrations (2.5 to 10 
vol.%) only changed the pore structure (Figure 4-2).  
8.4 Polymer infiltration 
In Chapter 5 the relationship between initial ceramic loading and polymer infiltration 
was investigated. In the present study UDMA-TEGDMA and PC polymers were used as 
the organic infiltrated phase since they are widely used in dentistry. The combination of 
UDMA-TEGDMA was based on the work by Okada et al., (2014). UDMA has also been 
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previously investigated as a single-phase orthodontic bracket material (Sideridou et al., 
2003; Faltermeier et al., 2007a; Krauss et al., 2010), but TEGDMA monomer was used as 
a low viscosity diluent to promote better infiltration of the ceramic scaffold by the high 
viscosity UDMA (Floyd and Dickens, 2006). Polymerisation of UDMA and TEGDMA 
monomer occurred in situ. This process depends on free radical addition polymerisation 
(McCabe and Walls, 2013) yielding a highly cross-linked polymer network. However, 
such polymerisation is not only associated with volumetric shrinkage (Kleverlaan and 
Feilzer, 2005), but it also displays a susceptibility to oxygen inhibition leading to 
premature termination of the reaction and the continued presence of unreacted 
monomer (Shawkat et al., 2009). Additionally, UDMA is a thermal setting polymer that is 
characterised by hydrophobicity. This property can result in debonding or weakening of 
the bond between the inorganic filler and the organic matrix, with a subsequent 
reduction in the mechanical properties and wear resistance (Peutzfeldt, 1997).  
Polycarbonate (PC) is a polymer that has been widely used to fabricate orthodontic 
brackets (Russell, 2005; Krauss et al., 2010). PC is bio-inert and has good aesthetic 
properties (Xu et al., 2017). However, single phase PC orthodontic brackets have 
relatively poor mechanical properties (Kusy, 1998). Despite this, PC, a thermoplastic 
material (Freitag et al., 1991; Brydson, 1999), was used in this study as an alternative to 
UDMA-TEGDMA polymer. It was infiltrated into the porous ceramic preforms by 
applying both heat and pressure.  
The heat was necessary in order to reduce the viscosity of PC and allow it to flow more 
easily into the preform. Application of sufficient pressure was important to ensure 
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thorough penetration of the polymer into the narrow pores of the ceramic preforms. 
Too much pressure however would lead to failure of the ceramic preform.  
The density of the novel biomimetic ceramic/polymer interpenetrating phase 
composites was found to change with the initial solid ceramic loading. This is in 
agreement with previous studies on dental interpenetrating phase composite materials 
(He and Swain, 2011; Coldea et al., 2013). The density of the fabricated biomimetic 
ceramic/polymer composites ranged between 1.7 and 3.4 g/cm³ (Figures 5-15 and 5-16), 
which is higher than that of feldspathic porcelain (2.5 g/cm³) commonly used in 
restorative dentistry (Borba et al., 2011). 
8.5 Mechanical properties 
The ideal material for use as an orthodontic bracket should provide adequate strength 
and toughness and with a minimum of surface changes during a course of treatment. 
Mechanically the material would have to withstand the effects of the bonding and 
debonding processes and without affecting the tooth to which it was bonded, the 
presence of the archwires in the bracket slot, the different types of ligation, the forces of 
mastication and contact with the opposing teeth. It would also be important for the 
initial aesthetic appearance to be maintained throughout the duration of the treatment.  
In Chapter 6 the in vitro study investigated the effect of the ceramic/polymer ratio on 
the mechanical properties namely: compressive strength, flexural strength, elastic 
modulus and fracture toughness. It would seem that when using the process of gelation 
freeze-casting it is possible to tailor the desired mechanical properties into the final 
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ceramic/polymer interpenetrating phase composite. The mechanical properties of the 
novel biomimetic ceramic/polymer interpenetrating phase composites were found to 
change with the initial solid ceramic loading, which is in agreement with previous studies 
on dental interpenetrating phase composite materials (He and Swain, 2011; Coldea et 
al., 2013). 
The compressive strength in the present study ranged from 26.31 to 274.91 MPa 
(Figures 6-1 and 6-2), which although lower than dense alumina (2358.08 MPa), is higher 
than that of enamel (62 to 89 MPa), and comparable to that of the dentine (194 to 224 
MPa) (Chun et al., 2014). The biomimetic ceramic/polymer composite materials 
containing more than 30 vol.% ceramic fraction showed lower compressive strength 
compared to dense alumina and higher strength compared to polymers. Interestingly 
the interpenetrating nature of the composite lead to the samples maintaining much of 
their shape after testing to failure. By contrast, the pure alumina samples, although 
demonstrating the highest compressive strength values, underwent catastrophic and 
sudden failure at the maximum, fracturing into many small particles. The pure polymers 
had the lowest compressive strengths and were relatively easily compressed with a 
resultant flattening and loss of shape. 
The flexural strength of the biomimetic ceramic/polymer composite, when the force was 
applied parallel to the direction of freezing, was found to range from 28.28 to 145.65 
MPa when the ceramic volume fraction increased from 18.83 to 61.17 vol.% (Figures 6-3 
and 6-4). This would suggest that the greater the inorganic content in the novel 
composite material, the higher its flexural strength, which is in agreement with previous 
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studies on dental composite materials (Inoue et al., 1994; Kim et al., 2002). Moreover, 
these values are higher than those reported for feldspathic porcelain (69 MPa) 
(Giordano II et al., 1995), slightly higher than traditional dental composite (103 to 107 
MPa) (Yao et al., 2014) , but lower than that seen with sintered polycrystalline alumina 
brackets (280 MPa) (Swartz, 1988). In this study, dense alumina showed a mean flexural 
strength value of 249.3 ± 72 MPa, and once again underwent catastrophic failure on 
testing. Similarly the two polymers showed lower flexural strengths and underwent a 
slow but noticeable deformation on compression testing. The novel biomimetic 
ceramic/polymer interpenetrating phase composites containing more than 50 vol.% 
ceramic fraction showed an intermediate flexural strength and again the specimen 
shape was maintained after testing to failure. This indicates a strengthening mechanism 
of the ceramic phase by the polymer phase.  
The modulus of elasticity describes the rigidity of the material. It was calculated from 
the results of the three-point bend test and for the novel composites was found to range 
from 1.48 to 16.56 GPa (Figures 6-5 and 6-6). Although this is much lower than that of 
relatively pure alumina, 118.50 GPa, these values were higher than those recorded for 
the polymer used for infiltration (1.17 GPa for UDMA-TEGDMA and 1.50 GPa for PC), and 
comparable to dentine, 10 to 15 GPa (Kinney et al., 2003). This finding agrees with 
previous work that showed the modulus of elasticity to fall with increasing ceramic 
porosity (Asmani et al., 2001). 
Both flexural and compressive strength values demonstrated anisotropy dependant on 
the direction of application of the force relative to the direction of freeze-casting, i.e. 
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whether it was parallel or perpendicular to the direction of freeze-casting (Figures 6-7 
and 6-8). A higher strength was observed when the load was applied perpendicular to 
the direction of freeze-casting. These results can be attributed to the alignment of the 
ceramic walls and therefore polymer infiltrate within the composite, which resembles 
the effect seen with enamel and dentine (Kinney et al., 2003; Miura et al., 2009), and is 
unlike the pure ceramics or polymers found in currently available monolithic aesthetic 
orthodontic brackets.  
Fracture toughness is the measure of a material’s ability to absorb strain energy prior to 
fracture (Anstis et al., 1981) . The reported fracture toughness values for enamel and 
dentine are approximately 0.72 to 1.28 and 2.20 to 3.10 MPa.m½ respectively (Bajaj and 
Arola, 2009; Lawn and Lee, 2009; Min et al., 2016). The mean values for the fracture 
toughness of the biomimetic ceramic/polymer interpenetrating phase composites in the 
present study ranged between 2.17 MPa.m½ and 4.86 MPa.m½ (Figures 6-7 and 6-8). 
Previous studies have reported the fracture toughness of polycrystalline alumina to be in 
the range of 3.5 to 4.4 MPa.m½ (Gogotsi, 2003; Guazzato et al., 2004a) and for 
monocrystalline alumina to be 2.1 to 2.5 MPa.m½ (Anstis et al., 1981; Iwasa and Brandt, 
1986). The importance of fracture toughness, which is related to the force or energy for 
crack propagation in the case of aesthetic orthodontic brackets, is in the ability of the 
bracket to resist unwanted in-service failure, and this is most commonly at the tie wing 
(Kusy, 1988; Scott, 1988). This is because ceramics used for brackets are brittle materials 
that fail by crack propagation (Scott, 1988; Birnie, 1990), and ceramic brackets have 
historically shown a tendency for tie wing fracture (Johnson et al., 2005). Once a crack 
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occurs at the surface of ceramic material, stress concentration increases at the crack tip 
and the crack propagates in almost a straight path due to lack of interfaces and other 
energy absorption mechanisms. The addition of a more flexible phase might reduce the 
stress concentration, lead to crack propagation along a more irregular path and thereby 
absorb more energy. In this way the fracture toughness is increased. This is the main 
advantage of composite materials compared to monolithic ceramic materials. The 
interaction of physical property differences between the different phases and the 
reduced stress concentration give composites their superior fracture strengths (Moon et 
al., 2009). 
The observed fracture toughness values for the ceramic/polymer interpenetrating phase 
composites in this study, being at the higher end of values previously reported for the 
polycrystalline alumina most commonly used in orthodontic brackets, would suggest the 
tie wings of a bracket made from the freeze-cast composite might be more resistant to 
in-service failure. 
8.6  Surface properties 
Surface properties including hardness, roughness and volume loss after simulated 
toothbrushing were measured and reported in Chapter 7. The relationship between the 
ceramic/polymer ratio and the hardness, roughness and surface loss following 
toothbrushing were all investigated. Hardness values of the ceramic/polymer 
interpenetrating phase composites ranged between 0.99 and 1.62 GPa (Figures 7-1 and 
7-2), which is lower than that of enamel (3.43 GPa), Enamic (3.31 GPa) (Min et al., 2016), 
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zirconia (13.94 GPa) (Zhang et al., 2012), traditional dental composite (0.73 to 1.60 GPa) 
(El-Safty et al., 2012) and lithium disilicate glass ceramics (10.00 GPa) (Smith et al., 
2014).  
This would suggest that the ceramic/polymer interpenetrating phase composites 
produced in this study would be a suitable material for oral use when opposing teeth 
enamel, as it would lead to less enamel abrasion than presently available orthodontic 
ceramic brackets. Moreover, the surface hardness values observed were much higher 
than the currently available polyurethane aesthetic orthodontic brackets, where surface 
hardness is reported to be between 0.18 and 0.19 GPa (Ali et al., 2011). This would 
suggest that aesthetic brackets made from the novel ceramic/polymer infiltrated 
composite would show much improved wear resistance over currently available 
polymeric aesthetic brackets. However, having a lower surface hardness than stainless-
steel and nickel titanium alloys, used as bracket and archwire materials, might lead to 
higher rates of wear and therefore insufficient slot wire engagement (Eliades and 
Bourauel, 2005). The fact that teeth move with currently available polymeric brackets 
would suggest this would be equally effective in the case of brackets made from this 
novel ceramic/polymer interpenetrating phase composites.  
In the present study all samples were brushed for 2 hrs and 50 mins to simulate normal 
toothbrushing over an average 2 year course of orthodontic treatment. The surface 
roughness values were evaluated before and after toothbrushing (Figures 7-3, 7-4, 7-5 
and 7-6). The results illustrated that the pure dense alumina blocks showed the least 
change in the surface roughness, as might be expected.  
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While the highest changes were observed with the pure PC and UDMA-TEGDMA 
specimens. The novel biomimetic ceramic/polymer composite material showed surface 
properties change values that were the closest to those of enamel. With respect to 
surface loss, pure alumina and enamel were the most resistant to loss, while the UDMA-
TEGDMA and PC specimens demonstrated the greatest surface loss (Figures 7-9). Once 
again, the novel biomimetic ceramic/polymer composites showed characteristics that 
more closely resembled enamel rather than either the pure ceramic or the polymer.  
In summary, highly porous ceramic materials with interconnected pores were fabricated 
and subsequently infiltrated with a polymer to produce ceramic/polymer 
interpenetrating phase composites that could potentially be useful in orthodontic 
applications. The microstructural and mechanical properties of these composites can be 
modified by changing the initial ceramic solid loading and subsequent polymer type. The 
novel composite materials produced were found to have an interpenetrating structure 
of organic polymer and inorganic ceramic phases in an anisotropic form. Changes to the 
processing parameters were found to have an effect on the physical and mechanical 
properties of these materials. The final composites were found to possess mechanical 
properties part-way between those of enamel and pure alumina at one end and 
polymers at the other. They certainly would appear to show promise as potential 








Chapter 9. Conclusions and further work 
9.1 Conclusions 
The results from this study provide compelling in vitro evidence for the novel 
ceramic/polymer interpenetrating phase composites, produced using the technique of 
freeze-casting, to be potential orthodontic bracket materials. They comprise an 
interconnected network of inorganic and organic phases and represent a relatively new 
and promising concept for use in aesthetic orthodontic brackets. The polymer rich 
surface could aid in safe bonding and debonding, whilst the relatively ceramic rich 
surface will provide wear resistance. The combination of the two materials in the bulk of 
the bracket will reduce in-service failures and eliminate creep. The ultimate aim would 
be to more closely imitate the structural properties and the mechanical behaviour of 
natural teeth. 
By the use of gelatine freeze-casting, a carefully controlled freezing gradient and 
subsequent processing through the four consecutive steps (i.e. ceramic suspension 
preparation, ice crystal formation, sublimation and finally sintering), it was possible to 
fabricate a graded porous ceramic scaffold with an aligned microstructure. The result 
was unidirectional interconnected pores in 3D honeycomb-like structure along the 
whole body of the scaffold, as illustrated by SEM and MicroCT imaging. The role of 
different initial solid ceramic loadings on the scaffold microstructure was determined. 
The gelatine concentration in the initial gelatine/alumina suspension played an 
important role in defining subsequent preform structure and porosity. These findings 
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were corroborated by SEM and MicroCT imaging. Micro-CT images also confirmed good 
interpenetration of the polymer phase into the pores of the ceramic preform (Figure 5-
10 and 5-12). Resultant anisotropy was achieved in the ceramic/polymer composites. 
There was an increase in porosity and a corresponding decrease in ceramic content by 
volume through the length of the preforms, progressing from the ceramic rich layer 
(bottom level) to the polymer rich layer (top level).  
As might be expected, the observed density of the ceramic/polymer interpenetrating 
phase composites increased linearly with an increase in initial ceramic solid loading. 
There was also a correlation between the mechanical properties and the final 
ceramic/polymer volumes of the interpenetrating phase composites. The compressive 
strength of the final ceramic/polymer composites fabricated with initial solid ceramic 
loading of 30 vol.% was the highest when compared to other volumes of ceramic. 
However, the flexural strengths and the modulus of elasticity of the composite material 
showed a relative increase when ceramic volume fractions were increased. Fracture 
toughness properties were higher when ceramic/polymer interpenetrating phase 
composites with 50 vol.% ceramic ratios were measured. Initial results show that 
ceramic/polymer interpenetrating phase composites with a ceramic ratio of 50 vol.% 
show the greatest promise for the potential use as aesthetic orthodontic brackets. 
The hardness, surface roughness and surface loss measurements of the interpenetrating 
phase composites were observed to be part way between those of the pure polymers 
and the pure alumina, and were more comparable to those of enamel.  
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To date there have been no reports regarding the use of the gelatine freeze-casting 








9.2 Further work 
The novel ceramic/polymer interpenetrating phase composites produced in this 
research show great promise as aesthetic orthodontic bracket materials. Further 
research to optimise their properties might include: 
1. An investigation into methods of improving polymer penetration into the 
ceramic scaffold. This might include alterations in the constituent ratios of 
UDMA-TEGDMA to alter the viscosity. Similarly, in the case of PC, penetration 
could be investigated by further alterations in the pressure/temperature 
conditions in the hot-pressing technique. The use of thermal and light 
polymerisation could also be studied. 
2. Although mechanical properties of the ceramic/polymer interpenetrating phase 
composites were investigated in this research, it would also be worth 
investigating the optical properties in both the short and longer term. This would 
include colour stability. Aesthetic brackets would be expected to have an in-
service life of approximately two years, during which time they are exposed to 
the oral environment. Therefore, they are exposed to changes in temperature 
and humidity, and ranging from dry to total immersion. The effect of saliva, intra 
oral microbes and different foodstuffs could also therefore be studied. 
3. The ability to bond to human enamel and in particular the ease of debond could 
be investigated along with the fracture characteristics of the final 
ceramic/polymer interpenetrating phase composite. 
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4. The examination of the fatigue life of the novel ceramic/polymer 
interpenetrating phase composites is very important factor affecting the survival 
of the composite as an orthodontic bracket material as these materials will be 
exposed to thermocycling in an aggressive saliva environment in the oral cavity, 
leading to a stress development and drop in strength properties. Dynamic and 
static fatigue experiments can be performed in dry and wet environments in vitro 
with different loading cycles at different rates over time and the subsequent 
strength and crack growth can be then calculated. 
5. An evaluation of friction that can be produced when the ceramic/polymer 
interpenetrating phase composites are in contact with different types of arch 
wires should be determined so that the appropriate force to acquire the optimal 
tooth movement during sliding mechanics in the oral cavity can be predicted. The 
use an Instron universal testing machine to move these ceramic/polymer 
interpenetrating phase composites along an arch wires with different sizes and 
material and verify their behaviour in vitro is recommended.  
6. The ability of the novel ceramic/polymer interpenetrating phase composites to 
maintain morphologic integrity after application of orthodontic force should be 
evaluated along with the resistance to deformation due to torsional force 
application. This can be achieved by subjecting brackets produced from the 
ceramic/polymer interpenetrating phase composites to torque, using a 
rectangular stainless steel archwire and subsequently the moments and degrees 
of torsion necessary to fracture the brackets will be determined and compared 
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